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CRYOGENIC ALLOY SCREENING 

F. R .  Schwartzberg,  R .  D.  Keys and T.  F. Kiefer 

ABSTRACT 

Three materials,  2021-T81 and X7007-T6 aluminum a l l o y s ,  and 
c r y o g e n i c a l l y  s t r e t c h e d  301 s t a i n l e s s  s t ee l ,  were e v a l u a t e d  i n  
o r d e r  t o  de te rmine  t h e i r  mechanical  p r o p e r t i e s ,  s t a t i c  f r a c t u r e  
toughness ,  c y c l i c  flaw-growth behav io r ,  and s u s t a i n e d  load  thresh-  
o l d  stress i n t e n s i t y .  T e s t i n g  w a s  performed f o r  bo th  p a r e n t  metal 
and welded material  a t  70, -320, and -423°F. Sur face  f l a w  and com- 
p a c t  t e n s i o n  specimens were used f o r  t h e  f r a c t u r e  mechanics p o r t i o n  
o f  t h e  e v a l u a t i o n .  

The r e s u l t s  showed t h a t  t h e  two aluminum a l l o y s  w e r e  q u i t e  
tough. The 2021-T61 a l l o y  i s  n o t  g r e a t l y  s u p e r i o r  t o  2014-T6 from 
a s t r e n g t h  s t a n d p o i n t ,  b u t  may b e  d e s i r a b l e  from a w e l d a b i l i t y  
s t a n d p o i n t .  X7007-T6 e x h i b i t s  e x c e l l e n t  s t a t i c  and c y c l i c  s t r e n g t h  
p r o p e r t i e s  b u t  appears  t o  have  a low s u s t a i n e d  load  crack  growth 
th re sho ld .  The c r y o g e n i c a l l y  s t r e t c h e d  s t a i n l e s s  s tee l  e x h i b i t s  
an  e x c e l l e n t  combination of p r o p e r t i e s .  
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SUMMARY 

The o b j e c t i v e  of th i s  program w a s  t o  c h a r a c t e r i z e  the r o u t i n e  
mechanical  p r o p e r t i e s ,  s t a t i c  f racture  toughness ,  c y c l i c  flaw- 
growth behav io r ,  and s u s t a i n e d  l o a d  t h r e s h o l d  stress i n t e n s i t y  of 
two newly developed aluminum a l l o y s ,  2021-T81 and X7007-T6 and a 
c r y o g e n i c a l l y  s t r e t c h e d  type  301 stainless steel. The three a l l o y s  
w e r e  eva lua ted  i n  bo th  the p a r e n t  metal and welded cond i t ions  a t  
70, -320, and -423°F. 

The mechanical  p rope r ty  d a t a  showed the two aluminum a l l o y s  t o  
The b e  s l i g h t l y  s t r o n g e r  than  the c u r r e n t l y  used composi t ions.  

s t a i n l e s s  s t ee l  e x h i b i t s  e x c e l l e n t  s t r e n g t h  p r o p e r t i e s ;  compared 
w i t h  t i t a n i u m  composi t ions on a s t r e n g t h / d e n s i t y  b a s i s  w e  f i n d  i t  
comparable t o  6AR-4V t i t a n i u m  a t  70°F b u t  i n f e r i o r  i n  t h e  cryo- 
gen ic  range .  

The s t a t i c  f r a c t u r e  toughness  b e h a v i o r ' o f  t h e  two aluminum 
a l l o y s  i s  comparable t o  c u r r e n t l y  used composi t ions.  The s t a i n -  
less s t ee l  e x h i b i t s  e x c e l l e n t  toughness  a t  70"F, over  100 k s i  &., 
b u t  d e s p i t e  a marked d e c r e a s e  w i t h  d e c r e a s i n g  tempera ture ,  i t s  
toughness a t  -423°F i s  q u i t e  h i g h ,  cons ide r ing  t h a t  i t s  s t r e n g t h  
i s  about  350 k s i .  

C y c l i c  growth behavior  of  t h e  t h r e e  a l l o y s  i s  similar t o  t h e  
aluminum and t i t a n i u m  composi t ions used t o  compare mechanical  
p r o p e r t y  and s t a t i c  toughness  behav io r .  

Sus t a ined  l o a d  behav io r  w a s  conducted u s i n g  a l i m i t e d  number 
of specimens and as a r e s u l t  w a s  on ly  approximate.  However, ou r  
d a t a  i n d i c a t e  t h a t  t h e  p a r e n t  me ta l  X7007-T6 and welded 2021-TB1 
e x h i b i t  low t h r e s h o l d  levels  a t  70°F. Under o t h e r  c o n d i t i o n s ,  t h e  
t h r e s h o l d  levels appeared normal.  Tests performed under a dele-  
t e r i o u s  environment showed t h e  t y p i c a l  dec rease  i n  t h r e s h o l d  prop- 
e r t i e s  a n t i c i p a t e d  f o r  2000 and 7000 series a l l o y s . "  Unnotched 
c o r r o s i o n  tests f a i l e d  t o  show any unusual  behav io r .  The 301 staiin- 
less s t ee l  e x h i b i t s  t h r e s h o l d  levels c l e a r l y  lower than r e p o r t e d  
f o r  t i t a n i u m  a l l o y s .  
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I. INTRODUCTION 

The o b j e c t i v e  of t h e  work desc r ibed  i n  t h i s  f i n a l  r e p o r t  w a s  
t o  e v a l u a t e  t h e  c ryogenic  mechanical  p r o p e r t i e s ,  f r a c t u r e  tough- 
n e s s ,  and flaw-growth c h a r a c t e r i s t i c s  of  AR 2021-T81, AR X7007-T6, 
and Type 301 s t a i n l e s s  s t ee l  i n  t h e  p a r e n t  metal and welded con- 
d i t i o n s .  To do s o ,  convent iona l  mechanical  p r o p e r t i e s  were de- 
te rmined  f o r  each a l l o y  and c o n d i t i o n  and used t o  e s t a b l i s h  base-  
l i n e  d a t a  a t  70, -320, and -423°F. The s t a t i c  f r a c t u r e  toughness ,  
c y c l i c  crack-growth behavior ,  and sus t a ined - load  crack-growth 
behav io r  f o r  each  a l l o y  w e r e  determined i n  t h e  same way. 

Cryogenic meta l l ic  materials a v a i l a b l e  on t h e  market have in-  
v a r i a b l y  been composi t ions whose p r o p e r t i e s  r e p r e s e n t  a compro- 
m i s e .  There have been few a t t e m p t s  t o  develop a l l o y s  s p e c i f i c a l l y  
f o r  low-temperature a p p l i c a t i o n s .  The two new aluminum a l l o y s  
r e c e n t l y  developed by Alcoa* (2021-T81 and X7007-T6) t h a t  are in-  
tended t o  p rov ide  h igh  s t r e n g t h ,  toughness ,  and w e l d a b i l i t y  r ep re -  
s e n t  t h e  f i r s t  a t t empt  t o  m e e t  t h e  needs of t hose  des ign ing  and 
b u i l d i n g  s t r u c t u r e s  t h a t  must w i ths t and  low tempera tures .  Cryo- 
g e n i c a l l y  s t r e t c h e d  type  301  s t a i n l e s s  s t ee l ,  chemical ly  modif ied 
t o  provide  improved toughness  compared w i t h  c r y o g e n i c a l l y  s t r e t c h e d ,  
normal-grade type  3G1, i s  a n o t h e r  new material  made s p e c i f i c a l l y  
f o r  c ryogenic  service.  

The e n t i r e  program c o n s i s t e d  of e i g h t  t a s k s .  B r i e f  desc r ip -  
t i o n s  of each  t a s k  are as fo l lows:  

Task I - L i t e r a t u r e  Survey 

The l i t e r a t u r e  survey  w a s  conducted t o  o b t a i n  i n -  
format ion  on f a b r i c a t i o n  t echn iques ,  mechanical prop- 
er t ies ,  and methods of  acceptance  t e s t i n g  of  t h e  t h r e e  
a l l o y s  t o  de te rmine  t h e i r  s u i t a b i l i t y  f o r  s t r u c t u r a l  
a p p l i c a t i o n s .  

Task I1 - Paren t  Metal P r o p e r t i e s  

C h a r a c t e r i z a t i o n  of mechanical  p r o p e r t i e s ,  s t a t i c  
f r a c t u r e  toughness ,  c y c l i c  crack-growth behav io r ,  
and sus t a ined - load  crack-growth behav io r  of t h e  
t h r e e  s u b j e c t  a l l o y s  i n  t h e  p a r e n t  m e t a l  c o n d i t i o n .  

Task I11 - Weld Metal P r o p e r t i e s  

Same as Task I1 except  f o r  welded j o i n t s .  

Task I V  - In f luence  of  Welding Procedure on F r a c t u r e  
Toughness o f  Aluminum Al loys  

*Work performed under  NASA Con t rac t  NAS8-5452. 
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Determina t ion  of t h e  e f f e c t  of weld ing  procedure and 
d e f e c t  l o c a t i o n  on t h e  s t a t i c  f r a c t u r e  toughness o f  
2021-T81 and X7007-T6 aluminum a l l o y s .  Al loy  2014-T6 
w a s  i nc luded  f o r  comparison purposes .  

Task V - S t a t i c  F r a c t u r e  Toughness C h a r a c t e r i z a t i o n  
of  Aluminum We I d s  

Determina t ion  of behav io r  of op t imized  welds  and e f -  
f e c t  o f  weld r e p a i r  of same a l l o y s  e v a l u a t e d  i n  Task 
I V  . 
Task V I  - Environmental  Threshold Stress I n t e n s i t y  

Evalua t ion  

Determinat ion o f  e f f e c t  o f  d e f e c t  l o c a t i o n  and  a 
d e l e t e r i o u s  environment on  s u s t a i n e d  load  t h r e s h o l d  
of t h e  a l l o y s  e v a l u a t e d  i n  Tasks I V  and V .  

Task V I 1  - Response of Materials t o  a Corrosion 
Environment 

Determina t ion  of g e n e r a l  and stress c o r r o s i o n  resist- 
ance o f  t h e  t h r e e  aluminum a l l o y s  desc r ibed  above p l u s  
several a d d i t i o n a l  aluminum a l l o y s  f o r  c o n t r o l  purposes .  

Task V I 1 1  - Data Evalua t ion  

Ana lys i s  of tes t  d a t a  from a l l  t a s k s  d a t a  and compari- 
son o f  behav io r  w i t h  composi t ions  c u r r e n t l y  be ing  u t i -  
l i z e d  f o r  s t r u c t u r a l  service. 

This  program w a s  performed i n  two p a r t s .  The o r i g i n a l  p o r t i o n  
c o n s i s t e d  of t h e  f irst  t h r e e  t a s k s .  An i n t e r i m  r e p o r t  (Ref 1) w a s  
i s s u e d  d e s c r i b i n g  t h e  r e s u l t s  of  t h e s e  t a s k s .  A s  a r e s u l t  of ou r  
i n i t i a l  f i n d i n g s  i t  w a s  dec ided  t o  perform t h e  work desc r ibed  i n  
Tasks I V  t h r u  V I I .  

I n  t h i s  f i n a l  r e p o r t ,  w e  have e x t r a c t e d  t h e  p e r t i n e n t  d a t a  
from t h e  i n t e r i m  r e p o r t  t o  i n s u r e  c o n t i n u i t y  and have p resen ted  
t h e  d e t a i l e d  f i n d i n g s  of Tasks I V  t h r u  V I I . ; k  

*These d a t a  are p resen ted  i n  Appendix A and summarized i n  t h e  
body of t h e  r e p o r t .  
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11. BACKGROUND AND ANALYTICAL TECHNIQUES 

A, STRESS INTENSITY FOR SURFACE-FLAWED SPECIMENS 

I rwin  (Ref 2) has  e s t i m a t e d  t h e  e f f e c t  o f  shape on s t r e s s  
i n t e n s i t y  i n  a s e m i e l l i p t i c a l  s u r f a c e  f law s u b j e c t  t o  a normal 
load by us ing  t h e  fo l lowing  equa t ion :  

k 
cos2 c p )  a2  

0 ( s i n 2  cp -I 2 K, = M~ 

where : 

5 [.. - 0.212 (f-f] 

M1 i s  a f r o n t  s u r f a c e  c o r r e c t i o n  f a c t o r  g e n e r a l l y  t aken  
a s  1.1; 

0 i s  t h e  a p p l i e d  t e n s i l e  s t ress ;  

a i s  t h e  l e n g t h  o f  t h e  semiminor a x i s ;  

cp i s  t h e  ang le  between t h e  major a x i s  and any p o i n t  on 
t h e  f law f r o n t ;  

c i s  the  l e n g t h  of t h e  semimajor a x i s ;  

I, i s  the  complete e l l i p t i c a l  i n t e g r a l  of t h e  second kind 
and may be expressed by: 

n l 2  

The term [ Q 2  - 0 . 2 1 2  (e)] i s  commonly c a l l e d  Q .  By l e t t i n g  cp = 

90" the  l i m i t i n g  equa t ion  f o r  stress i n t e n s i t y  can be expressed  as: . 
1, 
' 2  

KI = 1.1 Go(:)  
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S e v e r a l  mod i f i ca t ions  have been made t o  t h e  above approxi-  
mate s o l u t i o n s  i n  o r d e r  t o  account  f o r  t h e  e f f e c t  of t h e  proxim- 
i t y  of t he  back face.  These have been r e p o r t e d  by Kobayashi 
(Ref 3 )  and Smith (Ref  4 ) .  Recent  experiments  performed by 
Larson (Ref 5 )  and Smith (Ref 6 )  u s ing  c a s t  epoxy specimens in -  
d i c a t e  t h a t  t h e  back-sur face  c o r r e c t i o n  f a c t o r s  a r e  approximately 
20 t o  25% lower than  those  p red ic t ed  by Smith (Ref 4 ) .  

I n  t h i s  work, a t t e m p t s  were made t o  avoid making c r a c k s  deep 
enough t o  r e q u i r e  back-sur face  c o r r e c t i o n  of t h e  s t r e s s - i n t e n s i t y  
f a c t o r .  Back-surface c o r r e c t i o n  f a c t o r s  were n o t  used because 
t h e r e  i s  s t i l l  some u n c e r t a i n t y  a s  t o  t h e  magnitude o f  t h e  e l a s -  
t i c  magn i f i ca t ion  f a c t o r s ,  and i n  a d d i t i o n ,  t h e  e f f e c t s  of p l a s -  
t i c i t y  have s t i l l  n o t  been a s s e s s e d .  

B. STRESS INTENSITY FOR COMPACT-TENSION SPECIMENS 

Opt imiza t ion  s t u d i e s  o f  t h e  Westinghouse FTOL (wedge opening 
loading)  specimen have r e s u l t e d  i n  a mod i f i ca t ion  of t h e  T des ign  
t o  accommodate d u a l  p in  loading.  The r e s u l t i n g  des ign  has  been 
des igna ted  t h e  compact-tension (CT) specimen. F igu re  11-1 i l l u s -  
trates the geometry of  t h e s e  two specimens.  I n c r e a s i n g  t h e  crack 
length-to-width r a t i o  (a/W) t o  a nominal  v a l u e  of  0 .5  h a s  e f f e c t e d  
a r e d u c t i o n  i n  t h e  s i z e  and l o a d  requi rements .  The p r i n c i p a l  ad- 
vantage  of t h e  CT specimen i s  tha t  i t  h a s  a h i g h e r  toughness 
measurement c a p a c i t y  t h a n  t h e  WOL specimen. For  example, t h e  WOL 
specimen h a s  a t e n t a t i v e  c a p a c i t y  de f ined  by t h e  r a t i o  K 

of  0 . 4 5 ;  t h e  CT specimen i s  e s t ima ted  t o  have a c a p a c i t y  of 0.63. 
For  t h e  r a t h e r  tough aluminum materials t e s t e d  i n  t h i s  program, 
a h i g h  measurement c a p a c i t y  w a s  e s s e n t i a l .  

I C  Io y s  1 ( 

Vessel (Ref 7) shows t h a t  t h e  stress 
t h e  CT specimen i s  of t h e  form: 

p f i  K = Y -  I BW 

i n t e n s i t y  equa t ion  f o r  

where : 

a 2  a 
W Y = 2 3 . 1 2  - 67.67(:) + 9 7 . 3 1 ( ~ )  f o r  - = 0 . 4  t o  0 .6  

H 
W and - = 0.60; 
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_ ~ _ _ _ _ _ _ _ _ _  

t Tension Specimen 

Fig .  11-1 Geometries of Two C r a c k l i n e  Loaded F r a c t u r e  
Toughness Specimens 
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H = h a l f  beam h e i g h t ;  

P = load;  

a = c r a c k  l eng th ;  

B = t h i c k n e s s ;  

W = beam width.  

Experience w i t h  t h e  use  of compact-tension specimens has  shown 
t h a t  t h e  c rack  f r o n t  does n o t  grow uniformly.  Normally, t h e  c rack  
f r o n t  grows i n  a convex manner -- t h a t  i s ,  deeper  i n  t h e  c e n t e r .  
The re fo re ,  i t  i s  necessary  t o  a d j u s t  t h e  c rack- length  measurements 
t o  p rov ide  a weighted average .  

+ a  + a  
a t  midth ickness  l e f t  f a c e  r i g h t  f a c e  

6 
4a 

- - a 
average  

The proposed ASTM method f o r  p l a n e  s t r a i n  f r a c t u r e  toughness  
t e s t i n g  of metal l ic  materials covers  t h e  compact t e n s i o n  specimen. 
I n  s e c t i o n  7 . 2 . 3  of t h i s  method t h e  technique  f o r  c r ack  measurement 
i s  desc r ibed .  The i r  method does n o t  a g r e e  w i t h  t h a t  used i n  t h i s  
work. I n  t h e  ASTM method t h e  c rack  l e n g t h  a t  t h e  c e n t e r  and midway 
between t h e  c e n t e r  and end of t h e  c r a c k  f r o n t  on each s i d e  is 
measured. The c rack  l e n g t h  i s  t aken  as t h e  average  of  t h e s e  t h r e e  
measurements. I f  t h e  d i f f e r e n c e  between any two measurements exceeds 
5% of t h e  average  o r  i f  any p a r t  of t h e  c rack  f r o n t  is w i t h i n  5% of 
t h e  l e n g t h  of t h e  machined no tch  r o o t ,  t h e  tes t  i s  cons idered  i n v a l i d .  
I f  t h e  s u r f a c e  trace is  less than 90% of t h e  average  c rack  l e n g t h ,  
t h e  tes t  i s  a l s o  i n v a l i d .  

The proposed method w a s  pub l i shed  subsequent  t o  performance of 
t h e  b u l k  of our  d a t a  a n a l y s i s  and as a r e s u l t  'was n o t  u t i l i z e d .  
Due t o  c r a c k  f r o n t  c u r v a t u r e ,  many of t h e  aluminum specimens used 
i n  t h i s  program would n o t  have m e t  t h e s e  ASTM c r i t e r i a .  

C, C Y C L I C  FLAW GROWTH 

During c y c l i c  loading ,  a small  amount o f  growth i s  cons idered  
t o  have occurred  du r ing  each load cyc le .  I f  t h e  increment o f  
c r ack  ex tens ion  t h a t  occurs  du r ing  a s p e c i f i c  number o f  c y c l e s  can 
be determined,  i t  i s  p o s s i b l e  t o  prepare  a c rack  ex tens ion  curve  
of c rack  l e n g t h  ( a )  v s  number of c y c l e s  ( N ) .  The s lope  o f  t h e  
curve a t  any p o i n t  i s  t h e  c rack  growth r a t e  (da/dN). From an 

1 s t a n d p o i n t ,  t h i s  technique  i s  r e l a t i v e l y  simple L O  
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apply  f o r  through-cracked specimens. However, f o r  s e m i e l l i p t i c a l  
s u r f a c e  flawed Specimens t h i s  i s  n o t  r e a d i l y  accomplished because 
t h e  c r i t i c a l  c r a c k  parameter ,  t he  c r a c k  dep th ,  i s  n o t  v i s u a l l y  
measurable  from t h e  su r face .  Because t h e  shape of t h e  c r a c k  u s u -  
a l l y  changes a s  t h e  c r a c k  grows i n  dep th ,  de te rmining  the  c r a c k  
wid th ,  which i s  r e a d i l y  d i s c e r n i b l e  o n  the  s u r f a c e ,  does not  pro- 
v i d e  q u a n t i t a t i v e  informat ion .  

Boeing (Ref 8 and 9 )  has  eva lua ted  flaw-growth behavior  i n  
sur face- f lawed specimens u s i n g  t h e  “end p o i n t  a n a l y s i s ”  method. 
I n  t h i s  method, t h e  i n i t i a l  s t r e s s  i n t e n s i t v  ( K I i )  i s  p l o t t e d  

a g a i n s t  t h e  number of  c y c l e s  t o  f a i l u r e ,  and t h e s e  d a t a  a r e  con- 
v e r t e d  t o  a n  i n i t i a l  c r a c k  s i z e  ( a / Q )  vs  N cu rve  a t  a g iven  s t r e s s .  
From t h i s  curve ,  t h e  s lope  o r  c r a c k  growth r a t e  [d(a/Q)/dN] 

can be ob ta ined  f o r  a s p e c i f i c  a/Q. The l a t t e r  can be conver ted  
t o  a va lue  of K a t  a g iven  s t r e s s ,  and a s  a r e s u l t ,  a s t r e s s  

i n t e n s i t y  vs  growth r a t e  curve  can be o b t a i n e d .  

\ 

I 

This  method i s  dependent on s e v e r a l  f a c t o r s :  

1) The specimen must be taken  t o  f r a c t u r e ;  

2 )  The c r i t i c a l  c r ack  dep th  must be s u f f i c i e n t l y  l e s s  
than  t h e  t h i c k n e s s  t o  avoid  p l a s t i c i t y  e f f e c t s ;  

3) The c r i t i c a l  c r a c k  s i z e  must he d i s t i n g u i s h a b l e  
from t h e  r ap id  f r a c t u r e ;  

4 )  A s e m i e l l i p t i c a l  shape must be ma in ta ined .  

S a t i s f y i n g  t h e s e  c r i t e r i a  g i v e s  a s i m p l e  method f o r  de t e rmin ing  
c r a c k  growth. 

Another method, used i n  t h i s  program, can be c a l l e d  t h e  
“ l i n e a r  i n t e r p o l a t i o n ”  t echn ique .  Th i s  approach i s  t o  minimize 
t h e  amount of f law growth, t he reby  making t h e  i n i t i a l  and f i n a l  
s t r e s s  i n t e n s i t i e s  s i m i l a r  enough s o  t h a t  a r a t e  based on t h e  
i n i t i a l  and f i n a l  c r a c k  s i z e s  i s  a v a l i d  l i n e a r  i n t e r p o l a t i o n  of 
t h e  s l o p e  of t h e  c rack  s i z e  vs  number of c y c l e s  cu rve .  It i s  
important  t o  make a smal l  l i n e a r  i n t e r p o l a t i o n  because t h e  e r r o r  
t h a t  can  r e s u l t  i n  a power f u n c t i o n  r e l a t i o n s h i p ,  i n  t h i s  c a s e  
one t h e o r i z e d  t o  be a f o u r t h  power r e l a t i o n s h i p ,  can be q u i t e  
s i g n i f i c a n t .  A s  desc r ibed  e l sewhere  i n  t h i s  r e p o r t ,  u s ing  t h e  
l i n e a r  i r ,Lerpola t ion  method, m u l t i p l e  d a t a  can be ob ta ined  from 
a s j r ig le  sur face- f lawed specimen by f l e x u r a l  f a t i g u i n g  between 
increments  of a x i a l  c y c l i c  growth.  
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111. EXPERIMENTAL PLAN 

The o b j e c t  of t h i s  i n v e s t i g a t i o n  w a s  t o  c h a r a c t e r i z e  t h e  me- 
c h a n i c a l  p r o p e r t i e s  and behav io r  of t h e  t h r e e  s u b j e c t  a l l o y s  and 
compare them t o  those  of cu r ren t ly -used  s t r u c t u r a l  a l l o y s .  

The program c o n s i s t e d  of t h e  fo l lowing  t a s k s :  

Task I - L i t e r a t u r e  Survey;* 

Task I1 - Parent-Metal  Eva lua t ion ;*  

Task 111 -- Weld Metal Eva lua t ion ;*  

Task I V  - I n f l u e n c e  o f  Welding Procedure on F r a c t u r e  
Toughness of Aluminum Al loys ;  

Task V - S t a t i c  F r a c t u r e  Toughness C h a r a c t e r i z a t i o n  
of Aluminum Welds; 

Task V I  - Environmental  Threshold Stress I n t e n s i t y  
Eva lua t ion  ; 

Task V I 1  - Response of M a t e r i a l s  t o  a Corros ive  
Environment ; 

Task V I 1 1  - Data Evalua t ion .  

The fo l lowing  s e c t i o n s  d i s c u s s  t h e  n a t u r e  of t h e  work re- 
q u i r e d  under each  t a s k .  

A ,  TASK I - -  LITERATURE SURVEY 

Two l i t e r a t u r e  su rveys  were conducted,  one f o r  t h e  aluminum 
a l l o y s  and one f o r  t h e  s t a i n l e s s  steel ,  t o  c o l l e c t  d a t a  on t h e  
mechanical  p r o p e r t i e s ,  f a b r i c a t i o n  t echn iques ,  and acceptance  tests 
a s s o c i a t e d -  w i t h  each material. 

Tne aluminum survey  w a s  conducted by Mar t in  Marietta Corpora- 
t i o n  and i s  inc luded  i n  t h i s  r e p o r t .  
was subcon t rac t ed  t o  Arde, I n c .  A s  t h e  deve lope r s  of t h e  c ryogenic  
s t r e t ch - fo rming  p rocess ,  t hey  were t h e  obvious cho ice  f o r  t h e  per -  
formance of t h i s  sub ta sk .  The s t a i n l e s s  steel  survey  w a s  p re sen ted  
i n  Appendix B of t h e  i n t e r i m  r e p o r t  (Ref 1). 

The s t a i n l e s s  steeJ survey  

*The r e s u l t s  of p a r t  o f  Task I and a l l  of Tasks I1 and 111 
were p resen ted  i n  an i n t e r i m  r e p o r t  (Ref 1). 
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B. TASK I1 - -  PARENT-WETAL EVALUATION 

The fo l lowing  nominal t h i c k n e s s e s  were planned f o r  u s e  i n  t h i s  
e v a l u a t i o n :  

Cryoformed S t a i n l e s s  S t e e l  = 0.125 i n . ;  

iU 2021-T81 = 1.00 i n . ;  

AE X7007-T6 = 1.00 i n .  

T e s t s  were conducted a t  t h r e e  t empera tu res :  

70°F (ambient a i r ) ;  

-320°F ( l i q u i d  n i t r o g e n )  ; 

-423 "F (1 i q u i d  hydrogen) . 
1. Mechanical P rope r ty  T e s t s  

The u n i a x i a l  t e n s i l e  d a t a  ga thered  f o r  each  a l l o y  inc luded :  

1 )  U l t ima te  s t r e n g t h ;  6 )  S t r a in -ha rden ing  exponent ;  

2 )  Yie ld  s t r e n g t h ;  7) P o i s s o n ' s  r a t i o ;  

3 )  E longa t ion ;  8) Convent ional  s t r e s s - s t r a i n  

4 )  Reduct ion i n  a r e a ;  

5 )  E l a s t i c  modulus; 

behavior  ; 

9)  True s t r e s s - s t r a i n  behavior .  

The t e s t i n g  w a s  conducted i n  b o t h  t h e  l o n g i t u d i n a l  and t r a n s v e r s e  
d i r e c t i o n s .  S i x  r e p l i c a t e  tests were performed f o r  each  condi- , 

t i o n  and tempera ture .  

2 .  S t a t i c  Fracture-Toughness Tes t s  

S t a t i c  f r ac tu re - toughness  t e s t s  were conducted f o r  each  a l l o y  
i n  t h e  l o n g i t u d i n a l  and t r a n s v e r s e  d i r e c t i o n s .  T r i p l i c a t e  t e s t s  
were performed f o r  each  c o n d i t i o n  and tempera ture .  
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3 .  Cyclic-Load Flaw-Enlargement Tests 

Cycl ic- load flaw-enlargement t e s t s  were conducted f o r  each 
a l l o y  and tempera ture  i n  one g r a i n  d i r e c t i o n .  T r i p l i c a t e  spec i -  
mens were t e s t e d  f o r  each c o n d i t i o n  and tempera ture .  

4 .  Sustained-Load Flaw-Enlargement Tests 

Sustained-load flaw-enlargement tests were conducted f o r  
each a l l o y  and tempera ture  i n  one g r a i n  d i r e c t i o n .  T r i p l i c a t e  
specimens were t e s t e d  f o r  each c o n d i t i o n  and tempera ture .  

C.  TASK I11 -- WELDED METAL EVALUATION 

The t e s t i n g  conducted i n  t h i s  task w a s  e s s e n t i a l l y  i d e n t i c a l  
t o  t h a t  desc r ibed  i n  t h e  p reced ing  s e c t i o n .  Flaws were o r i e n t e d  
p a r a l l e l  t o  t h e  weld c e n t e r l i n e .  The aluminum a l l o y s  were t e s t e d  
i n  t h e  as-welded c o n d i t i o n ;  t h e  s t a i n l e s s  steel  w a s  t e s t e d  i n  
t h e  aged c o n d i t i o n .  

D. TASK I V  -- INFLUENCE OF WELDENG PROCEDURE ON FRACTURE 
TOUGHNESS OF ALUMINUM ALLOYS 

I n  t h i s  t a s k  t h e  e f f e c t  of ove rhea t ing  w a s  compared fo  t h e  
normal procedure  used i n  Task 111. The e f f e c t  of d e f e c t  l o c a t i o n  
( h e a t  a f f e c t e d  zone,  f u s i o n  l i n e ,  and weld c e n t e r l i n e )  w a s  a l s o  
eva lua ted .  For  comparison purposes ,  a l l o y  2014-T6 were a l s o  s tud-  
i e d .  A second h e a t  of 2021-T81 and X7007-T6 w a s  ob ta ined  f o r  t h i s  
work 

E .  TASK V -- STATIC FRACTURE TOUGHNESS CHARACTERIZATION 
OF ALUMINUM WELDS 

Using a n  opt imized weld procedure  from Task I V ,  toughness  w a s  
determined f o r  t h e  t h r e e  a l l o y s  (2021-T81, X7007-T6, and 2014-T6). 
The e f f e c t  of weld r e p a i r i n g  w a s  a l s o  determined.  



F. TASK VI -- ENVIRONMENTAL THRESHOLD STRESS INTENSITY 
EVALUATION 

The e f f e c t  of d e f e c t  l o c a t i o n  and environment ( a i r  and sa l t  
s o l u t i o n )  on t h e  s u s t a i n e d  load  t h r e s h o l d  stress i n t e n s i t y  of 
t h e  t h r e e  a l l o y s  (2021-T81, X7007-T6, and 2014-T6) w a s  d e t e r -  
mined . 

G. TASK VI1 -- RESPONSE OF MATERIALS TO A CORROSIVE 
ENV I RO NMENT 

In t h i s  t a s k ,  t h e  g e n e r a l  and stress c o r r o s i o n  resistance 
( u s i n g  b o t h  l a b o r a t o r y  tests and a c t u a l  s e a c o a s t  environment) of 
t h e  t h r e e  above a l l o y s ,  p l u s  several a d d i t i o n a l  aluminum a l l o y s  
f o r  c o n t r o l  pu rposes ,  was eva lua ted .  

H. TASK VI11 -- DATA EVALUATION 

The d a t a  ob ta ined  from t h e  a l l o y  tests d e s c r i b e d  i n  t h e  pre-  
ceding  s e c t i o n s  w a s  compared t o  t h e  d a t a  f o r  cur ren t ly-used  a l l o y s  
i n  o r d e r  t o  de te rmine  whether  t h e  new a l l o y s  w e r e  s u p e r i o r  t o  p re s -  
e n t  materials. 
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Aluminum 
Al-Loy * 

X2021-T8E31 

2021-T8E31 

X7007-T6E136 

X7007-T6E136 

I V .  MATERIAL PROCUREMENT AND PROCESSING 

Lot No. 

105-26 7 

713-581 

105-266 

717-781 

A. ALUMINUM ALLOYS 

Grain D i r e c t i o n  

The aluminum a l l o y  p l a t e  (2021-T81 and X7007-T6) purchased 
from Alcoa w a s  84 t o  96 i n .  long,  36 i n .  wide,  1 i n .  t h i c k ,  and 
w a s  f u l l y  h e a t - t r e a t e d .  Material of each a l l o y  f o r  Tasks I1 and 
I11 w a s  o b t a i n e d  from a s i n g l e  h e a t ;  s t o c k  f o r  Tasks I V  through 
V I 1  was purchased  a t  a later d a t e  and w a s  from a d i f f e r e n t  h e a t .  
Alcoa ' s  c e r t i f i c a t i o n  r e p o r t  l ists  t r a n s v e r s e  room tempera ture  
p r o p e r t i e s  i n  t h e  fo l lowing  t a b u l a t i o n .  

T e n s i l e  S t r e n g t h  Elongat ion  
( k s i )  (%) 

70.8 
70.6 Transve r se  

Used i n  
I n d i c a t e d  

Task 

11, I11 

4.5 
4.5 

T e n s i l e  Y ie ld  

I V  - V I 1  

11, I11 

I V  - V I 1  12.5 

t h e  a l l o y s  are tho,se used a t  t h e  t i m e  t h e  
p l a t e s  w e r e  purchased. The expe r imen ta l  o r  X d e s i g n a t i o n  f o r  
t h e  2021 a l l o y  has  s i n c e  been removed. I n  t h i s  r e p o r t ,  t h e  two 
a l l o y s  w i l l  be des igna ted  as 2021-T81 and X7007-T6. 

72.2 1 71.6 Long i tud ina l  I 8.5 8 o o  I 
Alcoa w a s  c o n t a c t e d  t o  determine whether t h i s  material w a s  repre- 
s e n t a t i v e  of t h e  s u b j e c t  a l l o y .  Photomicrographs of t h e  s t r u c -  
t u r e  and a s m a l l  q u a n t i t y  of material w e r e  forwarded t o  Alcoa f o r  
t h e i r  review and a n a l y s i s .  Alcoa reviewed t h e  complete process- 
i n g  r eco rds  f o r  t h i s  material  and found no b a s i s  f o r  recommending 
t h a t  the  material be r e j e c t e d ,  a l though they d i d  confirm t h a t  t h e  
d u c t i l i t y  w a s  a t  t h e  low end of t h e  s p e c i f i c a t i o n  l i m i t .  
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A t  t h e  r e q u e s t  o f  t h e  NASA p r o j e c t  e n g i n e e r ,  t h e  AR 2021 w a s  
f u r t h e r  e v a l u a t e d  t o  de te rmine  whether  t h e  c ryogenic  d u c t i l i t y  
w a s  adve r se ly  a f f e c t e d .  The tes t  r e s u l t s  showed t h a t  t h e r e  w a s  
no f u r t h e r  l o s s  of d u c t i l i t y  w i t h  r e d u c t i o n s  i n  tempera ture ,  
r a t h e r  on ly  t h e  normal i n c r e a s e  i n  e l o n g a t i o n  observed f o r  a lu -  
minum a l l o y s  ( see  Table  IV-1). 

-L 

Table IV-1 St reng th  and D u c t i l i t y  of Pa ren t  Metal  Specimens 
(2021-T81 Aluminum Alloy;  Lot 105-267) 

1 Ul t imate  S t r e n g t h  ( k s i )  

70 70.9 7 1  .O 
72 .O 7 1 . 7  

71.4 71.4 

88.4 1 87.7 
-320 86.7 

87.5 

87.1 88 .O 

-423 99 .9  101.7 
99.8 99.7 

I 99.8 100.7 

-L 

‘0 .250- in . -d iameter  round bar  specimens. 

E longat ion  (%) 

The 2014-T6 aluminum a l l o y  ob ta ined  f o r  comparison purposes  
i n  Tasks I11 t h r u  VI1 w a s  purchased as commercial material, and 
as a r e s u l t ,  no c e r t i f i c a t i o n  w a s  ob ta ined .  S i m i l a r l y ,  t h e  o t h e r  
aluminum a l l o y s  (2219-T87 and 7075-T6) used f o r  t h e  c o r r o s i o n  
tests (Task VII) w e r e  ob ta ined  wi thou t  c e r t i f i c a t i o n .  

Pane l s  w e r e  p repa red  f o r  welding i n  t h e  fo l lowing  manner. 
F i r s t  t h e  a l l o y s  were degreased i n  t r i c h l o r o e t h y l e n e  vapor ,  soaked 
i n  a n  a l k a l i n e  s o l u t i o n  f o r  15 minutes ,  and deoxid ized  f o r  10 
minutes .  Then t h e  edges  were f i l e d ,  and a f te r  t h e  co rne r s  w e r e  
broken s l i g h t l y ,  a 1-in.-wide s u r f a c e  n e x t  t o  t h e  edge w a s  c leaned  
w i t h  a w i r e  b rush .  The specimens were welded t r a n s v e r s e  t o  t h e  
g r a i n  d i r e c t i o n  us ing  a d i r e c t - c u r r e n t ,  s t r a i g h t - p o l a r i t y ,  800- 
amp Sciaky Zero E r r o r  supply  and a n  A i r l i n e  Welding f i x t u r e .  One 
pass  w a s  made on each s i d e  wi thou t  us ing  f i l l e r  w i r e .  This  was 
fo l lowed by making a second p a s s  on each s i d e  us ing  f i l l e r  w i r e ,  
F i l l e r  w i r e s  were as i n d i c a t e d  i n  t h e  fo l lowing  t a b u l a t i o n .  
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Alloy Des igna t ion  

2021 

X7007 

2014 

2219" 

F i l l e r  Des igna t ion  

2 319 

5 356 

4043 

2319 
~ ~~~~ ~~ 

*2219-T87 material w a s  ob ta ined  i n  t h e  form of 
a welded p a n e l  from t h e  Boeing Company; t h i s  
material w a s  excess  from Con t rac t  NAS3-10290. 
The f i n a l  r e p o r t  f o r  NAS3-10290 g i v e s  complete 
mechanica l  p r o p e r t y  d a t a  (Ref 11) e 

Weld p a n e l s  were a i r  cooled t o  room tempera ture  a f t e r  each  pass .  

Welding parameters  used f o r  t h i s  work are g iven  i n  Table  IV-2. 
The normal weld procedure  w a s  used f o r  a l l  work r e p o r t e d  under  
Tasks I1 and 111. I n  subsequent  d i s c u s s i o n ,  welds should  be  con- 
s i d e r e d  t o  be  of  normal procedure ,  w i thou t  weld r e p a i r ,  u n l e s s  
o the rwise  no ted .  

Radiographic  i n s p e c t i o n  of a l l  welds  showed no ev idence  of 
d e f e c t s  o r  p o r o s i t y  and t h e  welds  were d e c l a r e d  accep tab le .  No 
pos tweld  ag ing  w a s  used f o r  t h e  X7007 and 2014 welds.  Al loy  2021 
w a s  e v a l u a t e d  i n  t h e  as-welded and postweld aged c o n d i t i o n s .  Data 
f o r  2021 a l l o y  welds  shou ld  be  cons ide red  t o  b e  i n  t h e  as-welded 
c o n d i t i o n  u n l e s s  o the rwise  noted .  

Table  IV-2 Welding Parameters  f o r  Aluminum Alloys 

Welding Parameters  

Curren t  (amp) 

Is t Pass  
2nd P a s s  

Voltage (v)  

1s t Pass  
2nd Pass  

Torch Speed ( i n .  /minute)  

1s t Pass  
2nd Pass  

Wire Feed ( in . /minu te )  

2nd Pass  

Helium Gas Coverage ( c fh )  

A l l  Pas ses  

Normal Weld 

2021 

550-575 
350-375 

10.7-12 
11.8-13 

4- 6 
6-6 a 5 

12-15 

90-110 

X7007 

580-6 00 
35 0- 3 75 

10.7-11.5 
12-13 

4- 6 
6-6.5 

10-12 

90-110 

~ 

2014 

5 70 
340 

10 3 
11 3 

5 
6 .5  

12 

70 

Overheat  e d Weld 

2021 

600 
500 

10.8 
12.0 

3.6 
5.2-5.4 

12  

80 

X7007 

65 0- 66 0 
400 

10.6 
11.8-12.6 

3.6 
3.6-5.4 

12-15 

90-100 

2014 

6 30 
3 75 

10 .3  
11 .3  

4.5 
5 .5  

12 

70 
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Specimens f o r  weld repair  were welded i n  t h e  normal manner 
and then  rou ted  us ing  a U-shaped m i l l i n g  c u t t e r  t h a t  gave a 3/8- 
i n .  wide x 3/8 i n .  deep recess. Mul t ipas s  au tomat i c  welding w a s  
used f o r  r e p a i r i n g ;  two t o  f o u r  p a s s e s  w e r e  r e q u i r e d  t o  p rov ide  
f u l l  weld bui ldup  

Meta l log raph ic  examination of t h e  two new a l l o y s  showed 
s t r u c t u r e s  t y p i c a l  f o r  2000- and 7000-series a l l o y s .  F igu re  I V - 1  
shows a l o n g i t u d i n a l  s e c t i o n  of 2021-T81 p a r e n t  metal. This  al- 
l o y  e x h i b i t s  s l i g h t l y  more second-phase p r e c i p i t a t e  t han  lower- 
s t r e n g t h  2000-series compositions.  A macro s e c t i o n  of a 2021 
welded j o i n t  is shown i n  Fig.  IV-2. The h e a t - a f f e c t e d  zone (see 
Fig.  I V - 3 )  shows d e p l e t i o n ,  presumably of copper,  a long  t h e  g r a i n  
boundary and around t h e  i n t e r m e t a l l i c  p a r t i c l e s .  This  d e p l e t i o n  
might cause r e d u c t i o n s  i n  s t r e n g t h  and i n  s t r e s s - c o r r o s i o n  resist- 
ance.  

An examination of t h e  X7007-T6 a l l o y  showed t h e  h igh ly -o r i en ted  
s t r u c t u r e  t y p i c a l  f o r  h igh - s t r eng th  7000-series compositions.  
The amount of second-phase p r e c i p i t a t e  i n  t h e  X7007 (Fig.  IV-4) 
w a s  s l i g h t l y  less than  t h a t  observed i n  7075 a l l o y  (Fig.  IV-5). 
F igu re  IV-6 shows a macrosec t ion  of a X7007 welded j o i n t ;  t h e  
r a t h e r  s i g n i f i c a n t  mushrooming e f f e c t  no ted  n e a r  t h e  s u r f a c e  i n  
t h e  h e a t - a f f e c t e d  zone probably r e s u l t s  from deformat ion  a t  t h e  
welding tempera ture ,  due t o  t h e  r a t h e r  low y i e l d  s t r e n g t h  of aLu- 
minum-zinc a l l o y s  a t  h i g h  t empera tu res .  An examination of t h e  
h e a t - a f f e c t e d  zone showed grain-boundary coa r sen ing  r a t h e r  t h a n  
t h e  r e c r y s t a l l i z a t i o n  t h a t  commonly i s  found i n  o t h e r  aluminum 
a l l o y s  e 
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Fig. I V - 1  M i c r o s t r u c t u r e  of Parent -Meta l  
2021-T81; Long i tud ina l  D i r e c t i o n  
(Enlarged 1OOX) 

Fig.  IV-2 Macrosec t ion  of a 2021-T81 
Welded J o i n t  (Enlarged 3X) 
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Fig ,  IV-3 M i c r o s t r u c t u r e  of 2021-T81 
Heat-Affected Zone Showing 
Depleted Zones (White Areas 
(Enlarged 400x1 

Fige IV-4  M i c r o s t r u c t u r e  of Pa ren t -  
Metal X7007-T6; Long i tud ina l  
D i r e c t i o n  (Enlarged 1OOX) 
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Fig.  IV-5 M i c r o s t r u c t u r e  of P a r e n t -  
Metal 7075-T6; Long i tud ina l  
D i r e c t i o n  (Enlarged lOOX) 

Fig.  IV-6 Macrosec t ion  of a n  X7007-T6 
Welded J o i n t  (Enlarged 3 X )  
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B ,  STAINLESS STEEL ALLOY 

Arde, I n c  supp l i ed  t h r e e  120-in.- long by 36-ine-wide by 
0.140-in. - t h i c k  s h e e t s  o f  modif ied,  Type 301, l ow-s i l i con  (less 
t h a n  0.1%) s t a i n l e s s  s tee l  (Lat robe  Heat No. 50793) t o  Mar t in  
M a r i e t t a  

Mar t in  M a r i e t t a  c u t  t h e  m a t e r i a l  i n t o  pane l s  f o r  subsequent  
These pane ls  c ryogenic  s t r e t c h i n g  i n  l i q u i d  n i t r o g e n  (-320OF). 

had a gage wid th  of 13 in .  and a reduced s e c t i o n  l e n g t h  of  48 i n .  

Next, the  pane l s  were s e n t  back t o  Arde, I n c ,  where they  were 
welded, r e -annea led ,  p i ck led ,  and p a s s i v a t e d .  Then t h e  pane l s  
were shipped back t o  Denver, where they  were s t r e t c h e d  and ma- 
chined i n t o  t e s t  coupons. F i n a l l y ,  t h e  coupons were r e t u r n e d  t o  
A r d e  f o r  ag ing ,  c l e a n i n g ,  and  p a s s i v a t i n g .  

The pane l s  were s t r e t c h e d  i n  our  500,000-lb t e s t i n g  machine. 
The machine was p laced  h o r i z o n t a l l y  and a l a r g e  pan, approximate ly  
10 f t  long x 3 f e e t  wide x 1% f t  deep, y a s  placed i n  the  t h r o a t  
of t h e  machine t o  provide  t h e  environmental  c o n t r o l  f o r  s t r e t c h -  
i n g .  A t y p i c a l  s t r e t c h e d  panel  i s  shown i n  Fig.  IV-7 .  

Of t h e  f i r s t  n ine  pane l s  s t r e t c h e d ,  s i x ’ w e r e  s a t i s f a c t o r y .  
I n  t h e  o t h e r  t h r e e ,  t h e r e  were premature f a i l u r e s  i n  t h e  j o i n t  
between the  g r i p  and the  t e s t  s e c t i o n .  T h i s  weld was t o  have been 
made a u t o m a t i c a l l y ,  but  w a s  found t o  be a manual weld t h a t  exhib-  
Z t e d  ve ry  poor weld p e n e t r a t i o n .  Three a d d i t i o n a l  pane l s  were 
f a b r i c a t e d  us ing  au tomat ic  welding equipment.  A f o u r t h  pane l ,  
which showed i n d i c a t i o n s  of  c r a c k s ,  was r e t u r n e d  t o  Arde f o r  au to -  
ma t i c  rewelding,  b u t  was o n l y  r e p a i r e d .  Back a t  Denver, t h e  t h r e e  
au tomat ica l ly-welded  pane l s  were s t r e t c h e d  s a t i s . f a c t o r i l y ,  b u t  t h e  
r e p a i r e d  panel  f a i l e d  du r ing  s t r e t c h i n g .  

Fig.  IV-7 Typ ica l  Cryogen ica l ly  f t r e t c h e d  S t a i n l e s s  S t e e l  Panel  
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S i n g l e  t e n s i o n  specimens w e r e  machined from each of t h e  f i r s t  
No t e n s i l e  specimens were t aken  from t h e  

These specimens were aged a t  790°F f o r  2 
n i n e  s t r e t c h e d  p a n e l s .  
fou r  a d d i t i o n a l  p a n e l s .  
h r ,  a i r - coo led ,  and then  t e n s i l e - t e s t e d  a t  70°F .  Except f o r  Pane l  
4 ,  which obvious ly  d i d  n o t  receive enough p r e s t r e s s  t o  ach ieve  t h e  
d e s i r e d  s t r e n g t h  l e v e l ,  t h e r e  w a s  good agreement between t h e  ten-  
s i l e  p r o p e r t i e s  of  each pane l .  Pane l s  6 and 7 ,  which f a i l e d  pre-  
mature ly ,  were as s t r o n g  as t h e  p a n e l s  t h a t  were g iven  t h e  f u l l  
p r e s t r e s s ,  and were d e e m e d - s a t i s f a c t o r y  f o r  use  (Table I V - 3 ) .  

Table IV-3 T e n s i l e  P r o p e r t i e s  of Cryogenica l ly-  
S t r e t c h e d  Pa ren t  Metal Specimens* 

Panel  
Number 

Cryogenic 
Pr e s t r e  s s 

( k i p s )  

400 
400 
410  
3 2 3  
400  
3 64t  
380t 

403 
405  . 

U1 t ima t e 
S t r e n g t h  

( k s i )  

235 .2  
234 .4  
2 3 6 . 1  
217 .O 
237.6 
237 .3  
236.6 
244 .3  
241.8 

Yield  
S t r eng th  

( k s i )  

232.9 
228.7 
231 .6  
208.2 
236.9 
233.5 
235 .1  
241 .3  
236 .5  

E l o  nga t i o n  
( 

7 . 3  
8 .O 
6.8 
8 .O 
7 . 5  
8 .O 
7.8  
6 . 8  
7 . 3  

-/CSingle t e n s i l e  specimen removed from each pane l .  

+ F a i l e d  du r ing  s t r e t c h i n g .  

A meta l log raph ic  examinat ion of t h e  c r y o g e n i c a l l y - s t r e t c h e d  
s t a i n l e s s  s t e e l  showed t h a t  t h e  material s t r u c t u r e  was t y p i c a l  
of t h a t  f o r  a s t r a in -ha rdened  a u s t e n i t i c  s t a i n l e s s  s t ee l .  Twins 
were noted  i n  many of t h e  g r a i n s .  The m i c r o s t r u c t u r e  showed a 
ve ry  low l e v e l  of i n c l u s i o n s  o r  f o r e i g n  matter. Aging appeared 
t o  only  s l i g h t l y  i n c r e a s e  t h e  s i z e  of t h e  c a r b i d e s  depos i t ed  
a l o n g  t h e  g r a i n  boundary. F igu res  IV-8  and IV-9 show t h e  unaged 
and aged s t r u c t u r e s .  The welded j o i n t  (see Fig .  IV-10)  appeared 
q u i t e  normal; t h e r e  w a s  no ev idence  of excessive c a r b i d e  pre-  
c i p i t a t i o n .  
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Fig. IV-8 Microstructure of Unaged, Cryogenically 
Stretched Type 301 Stainless Steel; 
Parent Metal; Longitudinal Direction 
- (Enlarged 250X) 

Fig. IV-9 Microstructure of Aged, Cryogenically 
Stretched Type 301 Stainless Steel; 
Parent Metal; Longitudinal Direction 
(Enlarged 250X) 
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Fig. IV-10 Microstructure of Aged, 
Cryogenically Stretched Type 301 
Stainless Steel; Welded Metal; 
Longitudinal Direction 
(Enlarged 250X) 
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V. EXPERIMENTAL PROCEDURE AND TECHNIQUES 

A. MECHANICAL PROPERTY TESTING 

The mechanical property testing techniques used in this pro- 
gram were relatively routine. Emphasis was placed on obtaining 
multiple strain data, and as a result, many resistance strain 
gages were used. 

1. Specimen Design 

Two types of tensile specimens were used in the aluminum in- 
vestigation. The evaluation of welded materials was performed 
using full-thickness specimens, and though this approach necessi- 
tated using loads that were higher than those on the round bar 
specimens, it was considered superior because it allowed us to 
evaluate the entire weld cross-section. The room-temperature speci- 
mens were friction-gripped; the cryogenic specimens were pin-loaded 
(Fig. V-1) .  Some parent metal tests were performed using full- 
thickness specimens. 

The remainder of the parent metal aluminum specimens was ma- 
chined to the standard diameter of 0.505 in. so that their elonga- 
tion, which depends on shape and gage length, could be compared 
with that of other alloys. 

The stainless steel specimens were machined according to our 
standard design for sheet gage materials and were pin-loadnd at 
all temperatures. Figure V-2 gives the specifications for these 
specimens. 

On both the aluminum and the stainless-steel specimens, the 
weld beads were machined flush with the surface. 

2. ,Instrumentation 
-.__ 

Bonded resistance strain gages and strain beam extensometers 
were used to determine the strains. Bonded foil gages were used 
to obtain elastic-modulus and deformation data into the yield- 
strength range. We used series-connected gages, mounted on op- 
posite surfaces, to compensate for small misalignments and bend- 
ing. Our approach in using strain gages is to establish a full 
bridge circuit of strain gages and to compensate for temperature 
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Note: All dimensions in inches. 

4.500 + 0.030 

.020 

16.000 k 0.030 

I 
- - .- 10.400 2 0.030 i(--- 

.________. _____ 

Fig. V-1 Specifications for Cryogenic Aluminum Tensile Specimen . i- 7 15/16 + 1/16 (Stock Size) 

7.75 i 0.O3Op4 I 

1.12 5 0.030 Radius 

Fig. V-2 Specifications for Stainless Steel  Tensile Specimen 
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e f f e c t s  i n  t h e  b r i d g e  by bonding t h e  s t ra in  gage t o  dummy boa rds  
made of t h e  same type  of material be ing  e v a l u a t e d .  For  c ryogenic  
t e s t i n g ,  t h e  e n t i r e  b r i d g e  i s  submerged i n  t h e  l i q u i d .  Using t h i s  
t echn ique ,  no e x t e r n a l  r e s i s t o r s  o r  ba l anc ing  systems are r e q u i r e d .  
120-ohm cons tan tan  gages (Micromeasurements No. EA-13-500-BH-120L) 
w e r e  used f o r  70°F t e s t i n g .  
of 350-ohm nichrome gages (Micromeasurements EK-13-500-BH-350LE) 
w a s  ob ta ined .  

For c ryogenic  t e s t i n g ,  a s p e c i a l  l o t  

S t r a i n  d a t a  w a s  ob ta ined  us ing  b o t h  a mechanical  ex tensometer ,  
f o r  t h e  e n t i r e  stress vs s t r a i n  cu rve  t o  f a i l u r e ,  and a bonded re- 
s i s t a n c e  s t r a i n  gage f o r  t h e  e l a s t i c  p l u s  i n i t i a l  p l a s t i c  range .  
Sepa ra t e  r e c o r d s  of each  s t r a i n  measuring dev ice  were ob ta ined .  
This  system w a s  u t i l i z e d  so  t h a t  a m a x i m u m  amount of d a t a  could  be  
recorded  s imul taneous ly .  Th i s  w a s  ach ieved  us ing  d u a l  Baldwin- 
Lima-Hamiltion (B-L-H) SRA-7 s t r a i n  r e c o r d e r s  mounted i n  tandem on 
t h e  t e s t i n g  machine o r  by us ing  a s i n g l e  SRA-7 r e c o r d e r  and an  X-Y 
p l o t t e r  (see F ig .  V-3 and V-4).  

P o i s s o n ' s  r a t i o  was determined u s i n g  bonded r e s i s t a n c e  s t r a i n  
gages mounted on t e s t  specimens i n  t h e  l o n g i t u d i n a l  and t r a n s v e r s e  
d i r e c t i o n s .  The specimens were loaded  below t h e  e l a s t i c  l i m i t  and 
t h e  d a t a  were a u t o g r a p h i c a l l y  r eco rded .  

3.  T e s t i n g  Procedure 

T e n s i l e  specimens were t e s t e d  a t  -320°F u s i n g  a l i q u i d  n i t r o -  
gen b a t h  i n  an  open-mouthed, foam-insula ted  c r y o s t a t .  The tes ts  
a t  -423°F were performed u s i n g  l i q u i d  hydrogen i n  s e a l e d ,  double-  
wa l l ed ,  vacuum-jacketed c r y o s t a t s .  The s t a i n l e s s  s t ee l  specimens 
were t e s t e d  i n  our  50,000-lb c r y o s t a t  (see F i g .  V - 5 ) ,  and t h e  
aluminum a l l o y  specimens were t e s t e d  i n  t h e  400 ,000- lb-capac i ty  
c r y o s t a t  system shown i n  F i g .  V - 6 .  

B .  STATIC FRACTURE TOUGHNESS TESTING 

1. Specimen Desipn 

The o r i g i n a l  p l ans  c a l l e d  f o r  a l l  s t a t i c  f r a c t u r e  toughness  
t e s t s  t o  b e  performed u s i n g  sur face- f lawed specimens.  During t h e  
c o u r s e  of t h e  exper imenta l  program, however, w e  found i t  necessa ry  
t o  a l s o  t es t  aluminum1T compact-tension specimens i n  o r d e r  t o  
provide  b a s e l i n e  d a t a  f o r  t h e  c y c l i c  and sus t a ined - load  t e s t s .  
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F i g .  V-3 Dual SRA-7 Autographic S t r a i n  Recorders  Mounted 
on Un ive r sa l  T e s t i n g  Machine 

F i g .  V--4 SRA-7 Recorder and X-Y P l o t t e r  Used w i t h  
400,000-lb T e s t i n g  Machine 



Fig. V-6 400,000-lb Liquid-Hydrogen Testing System 
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Fig. V-5 50,000-lb Liquid-Hydrogen Testing System 
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The specimens t h a t  were t e s t e d  are d e p i c t e d  i n  t h e  fo l lowing  
f i g u r e s  : 

F i g u r e  No. D e s c r i p t i o n  

v-7 Aluminum sur face- f lawed specimen; 

V-8 Aluminum compact-tension specimen; 

v -9 S t a i n l e s s - s t e e l  sur face- f lawed specimen. 

2 .  Specimen P r e p a r a t i o n  

I n  a l l  welded specimens, t h e  weld bead w a s  machined f l u s h  w i t h  
t h e  s u r f a c e .  

Su r face  f laws were in t roduced  i n t o  t h e  aluminum specimens by 
u s i n g  a v e r y  t h i n  s l i t t i n g  saw t o  machine p r e c r a c k s .  
b l ades  used i n  t h i s  machine are a v a i l a b l e  i n  d iameters  from one 
i n .  up and range  i n  th i ckness  from 0.010 t o  0.015 i n .  Next, t h e  
p rec racks  were sco red  wi th  a r a z o r  b l a d e ,  and t h e  specimens were 
f a t i g u e d  i n  f l e x u r e  t o  sharpen  t h e  c r a c k s .  F i g u r e  V - 1 0  shows t h e  
a p p a r a t u s  used  t o  produce t h e s e  s u r f a c e  c r a c k s .  The maximum o u t e r  
f i b e r  stress was 30 k s i  f o r  t h e  parent -meta l  specimens and 15 k s i  

f o r  t h e  we lded- jn in t  specimens. I n  a few c a s e s ,  h igh  r a t i o s  

were d e s i r e d  and e l e c t r o - d i s c h a r g e  machining was used .  

The saw 

a 

Compact-tension specimen flaws were prepared  by no tch ing  t h e  
specimens w i t h  a r a z o r  and then f a t i g u i n g  them i n  ax ia l  t e n s i o n  
t o  sharpen  t h e  c r a c k s .  

F laws  i n  s t a i n l e s s - s t e e l  specimens were in t roduced  by g r i n d i n g  
a sha l low s t a r t e r  no tch  and then  arc-burn ing  t h i s  no tch  t o  c r e a t e  
l o c a l  embr i t t l emen t .  The c rack  was extended by bending t h e  s p e c i -  
mens a t  a maximum o u t e r  f i b e r  stress of 90 k s i .  

3 .  Ins t rumen ta t ion  

Normally, no i n s t r u m e n t a t i o n  i s  used when t e s t i n g  s u r f a c e -  
flawed specimens. However, because "pop-in" behavior  was encoun- 
t e r e d  du r ing  some of t h e  parent -meta l  aluminum t e s t s ,  small (1 /32-  
t o  1 / 4 - i n e )  r e s i s t a n c e  s t r a i n  gages were l o c a t e d  near  t h e  ends of 
t h e  c r a c k  i n  a n  a t t e m p t  t o  d e t e c t  t h e  load a t  which ' 'pop-in" 
occurred.  This  technique  was s u c c e s s f u l  when t h e  "pop-in" zone 
was s u f f i c i e n t l y  l a r g e .  I n  c o n t r a s t ,  a t t e m p t s  t o  c a l c u l a t e  c r i t -  
i c a l  s t ress  i n t e n s i t i e s  from t h e  "pop-in" load and t h e  d i r e c t i o n  
of t h e  i n i t i a l  f r a c t u r e  were unsuccessfu l .  
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(a)  Overall V i e w  

(b) Close-up V i e w  

F ig .  V-10 Apparatus  f o r  Machining P rec rack  i n  Aluminum 
F r a c t u r e  Toughness Specimens 
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I n  t h e  l a t t e r  p o r t i o n s  of t h i s  work (Tasks I V  and V) a u d i b l e  
n o i s e s  sugges t ing  crack advancement were hea rd  du r ing  t e s t i n g  of 
t h e  s u r f a c e  f lawed room tempera ture  weld specimens.  The s t r a i n  
gages p l aced  a d j a c e n t  t o  t h e  edge of  t h e  crack w e r e  on ly  success-  
f u l  i n  d e t e c t i n g  l a r g e  amounts of c r ack  growth o r  small amounts 
when i t  occur s  v e r y  c l o s e  t o  t h e  f r o n t  face.  The s t r a i n  gages 
were n o t  p rov id ing  any i n d i c a t i o n s  of c r ack  growth t h a t  exp la ined  
t h e  n o i s e .  The re fo re ,  i t  w a s  decided t o  use  a c o u s t i c  moni tor ing  
t echn iques  i n  an a t t empt  t o  a s c e r t a i n  what w a s  happening. 

The a c o u s t i c  emiss ion  technique  i s  a method of moni tor ing  t h e  
n o i s e  produced by a s o l i d  material  as a r e s u l t  of t h e  r e l a x a t i o n  
of i n t e r n a l  stresses due t o  1) crack  i n i t i a t i o n  o r  growth, o r  2 )  
l o c a l i z e d  p l a s t i c  deformat ion .  I t  i s  c u r r e n t l y  becoming a popu la r  
t o o l  f o r  f r a c t u r e  mechanics r e s e a r c h  because i t  can be used t o  
d e t e c t  s m a l l  increments  of c r a c k  e x t e n s i o n  t h a t  are u n d e t e c t a b l e  
by o t h e r  means. 

The technique  developed t o  monitor  i n t e r n a l  f law growth u t i -  
l i z e d  a n  acce le romete r  which w a s  adhes ive ly  bonded a long  t h e  cen- 
t e r l i n e  of t h e  s u r f a c e  f lawed specimen, approximately two inches  
from t h e  f law.  The acce le romete r  ou tpu t  w a s  o r i g i n a l l y  f e d  through 
a charge  a m p l i f i e r  i n t o  a f i l t e r  network,  p a s s i n g  only  s i g n a l s  
above 10 kHz, t h e n  recorded  a long  wi th  load  s i g n a l  on magnet ic  t ape .  
The a c o u s t i c  o u t p u t  dur ing  t e s t  w a s  a l s o  monitored wi th  a dua l - t r ace  
s t o r a g e  o s c i l l o s c o p e .  

As specimen load ing  w a s  i n c r e a s e d ,  s m a l l  increments  of c r ack  
growth w e r e  u s u a l l y  d e t e c t e d  w e l l  below t h e  more obvious c r i t i c a l  
growth load  levels .  
n o t i c e a b l e  on t h e  X7007 a l l o y  t e s t s ,  due t o  t h e  out-of-plane 
c rack ing  n a t u r e  of  t h e  a l l o y . )  
t e r l i n e  f l aws  f a i l e d  t o  show incrementa l  f l a w  growth b e f o r e  f a i l -  
u r e .  

(This incremental crack growth w a s  e s p e c i a l l y  

Only t h e  2014 and 2021  weld cen- 

Monitor ing growth through t h e  s t o r a g e  o s c i l l o s c o p e  proved 
t o  be s u f f i c i e n t l y  a c c u r a t e  f o r  l a te r  tests, and the u s e  of t h e  
band p a s s  f i l t e r l t a p e  r e c o r d e r  system w a s  abandoned. 
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F i g .  V - 1 1  Compact-Tension Specimen w i t h  S t r a i n  Beam Extensometel 

"Pop-in" i n  compact- tension specimens was measured w i t h  a 
s imple beam extensometer  t h a t  was c l i p p e d  i n t o  s t a n d o f f s  a t t a c h e d  
t o  t h e  edge o f  t h e  specimen wi th  s e l f - t a p p i n g  screws ( s e e  F ig .  V- 
11). This  t echn ique  i s  s i m p l e r ,  j u s t  a s  a c c u r a t e ,  and less  expen- 
s i v e  than machining mounting s l i t s  a c r o s s  t h e  d e f e c t .  

4 .  T e s t i n g  Procedure 

Aluminum su r face - f l awed  specimens were t e s t e d  t o  f a i l u r e  or 
t o  a h igh  pe rcen tage  of t h e  y i e l d  s t r e n g t h  i n  our 500,000-lb-ca- 
p a c i t y  t e s t i n g  machine. Th i s  t e s t i n g  was performed a t  a r a t e  i n  
excess  of 40,000 p s i  per  minu te ,  

Compact-tension specimens were t e s t e d  i n  a v a r i e t y  of conven- 
t i o n a l  machines whose c a p a c i t i e s  ranged from 10,000 t o  50,000 l b .  

S t a i n l e s s - s t e e l  su r f ace - f l awed  specimens were t e s t e d  a t  70 
and -320'F i n  a 150 ,000- lb -capac i ty  system and were t e s t e d  
a t  -423'F i n  our 50 ,000- lb -capac i ty  system. 
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C, CYCLIC-LOAD FLAW-ENLARGEMENT TESTS 

Cycl ic - load  f law-enlargement  tes ts  were performed on bo th  
su r face - f l awed  and compact- tension specimens,  u s i n g  the same 
machines t h a t  had been used  f o r  t h e  s t a t i c  f r ac tu re - toughness  
tes ts .  

Pa ren t  meta l  tes ts  were performed us ing  o n l y  compact- tension 
specimens because o f  t h e  unusual  behavior  no ted  du r ing  t h e  
s t a t i c  f r ac tu re - toughness  tes ts .  A l l  c y c l i c - t e s t  specimens were 
i d e n t i c a l  t o  those  used i n  the  s t a t i c  t es t s  ( r e f  F ig .  V-7 t h r u  
V - 9 )  and were prepared  acco rd ing  t o  t h e  procedures  d e s c r i b e d  i n  
t h e  preceding sec t ion .  

No i n s t r u m e n t a t i o n  was used f o r  c y c l i c  t e s t i n g .  I n s t e a d ,  we 
a t tempted  t o  o b t a i n  m u l t i p l e  d a t a  f o r  each welded-aluminum, s u r -  
face-f lawed specimen. For  example, w e  app l i ed  a x i a l  loads  t o  
each specimen t o  extend t h e  c rack ,  t r i e d  t o  mark t h e  e x t e n t  o f  
t he  c r a c k  by f l e x u r a l l y  f a t i g u i n g  t h e  specimen, and r epea ted  t h i s  
process  s e v e r a l  t imes.  Although t h i s  technique  worked reasonably  
w e l l ,  i n  s e v e r a l  c a s e s  i t  was v i r t u a l l y  imposs ib le  t o  d i s t i n g u i s h  
each c y c l i c  growth band. 

We a t tempted  t o  produce a minimum amount of c r ack  growth i n  
t h e  compact- tension specimens s o  t h a t  t h e  i n i t i a l  and f i n a l  s t r e s s  
i n i z n s i t i e s  would b e  s i m i l a r .  I n  t h i s  way, t h e  l i n e a r  i n t e r p o l a -  
t i o n  ,of t h e  s l o p e  of t he  c rack-growth- ra te  v s  s t r e s s - i n t e n s i t y  
curve would be reasonably  a c c u r a t e .  The s t a i n l e s s - s t e e l  specimens 
were cyc led  i n  a s i m i l a r  manner. No a t t empt s  w e r e  made t o  o b t a i n  
m u l t i p l e  d a t a  from t h e  compact- tension o r  s t a i n l e s s - s t e e l ,  s u r f a c e -  
flawed specimens.  

D, SUSTAINED-LOAD FLAW-ENLARGEMENT TESTS 

Sus ta ined- load  f law-enlargement  t e s t s  were performed t o  de- 
termine t h e  s t r e s s  i n t e n s i t y  below which c rack  growth does no t  
occur .  Compact-tension specimens were used t o  de te rmine  t h e  be- 
hav io r  of t h e  parent  meta l  and t h e  welded aluminum a l l o y s ,  and 
sur face- f lawed specimens were used t o  determine t h e  behavior  of 
t h e  Type 301 s t a i n l e s s  s t e e l .  N o  i n s t rumen ta t ion  was used f o r  
t e s t i n g  t h e  s t a i n l e s s  s t e e l  specimens.  
cimens were compliance-checked b e f o r e  and a f t e r  be ing  exposed t o  
t h e  s u s t a i n e d  load  t o  determine where s i g n i f i c a n t  growth had oc- 
c u r r e d .  A l l  specimens were fat igue-marked a f t e r  be ing  exposed t o  
t h e  load  i n  o rde r  t o  c l e a r l y  show t h e  presence o r  absence of slow 
c rack  ex tens ion .  

Many of t h e  aluminum spe- 
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The aluminum specimens were t e s t e d  i n  20,000-lb (dead weight )  
c r e e p  f r ames .  For the  -423°F tes t s ,  a c r e e p  r a c k  w a s  moved t o  
our l i q u i d  hydrogen l a b o r a t o r y  and equipped w i t h  a l a r g e  c r y o s t a t  
(see F i g .  V - 1 2 ) .  The c r y o s t a t  had a h i g h  thermal e f f i c i e n c y  and 
could  be  o p e r a t e d  f o r  p e r i o d s  of seven o r  e i g h t  hour s  b e f o r e  i t  
had t o  b e  f i l l e d  w i t h  l i q u i d  hydrogen. As a r e s u l t ,  cont inuous  
t e s t i n g  w a s  ach ieved  w i t h o u t  t h e  need f o r  c o n s t a n t  moni tor ing .  

Because the  s u s t a i n e d  load  on t h e  s t s i n l e s s - s t e e l  specimens 
had t o  be  g r e a t e r  than 20,000 l b ,  t h e s e  specimens were t e s t e d  i n  
t e n s i l e  machines which i n c o r p o r a t e d  a load-hold ing  f e a t u r e .  The 
c r y o s t a t  used  t o  t es t  t h e s e  specimens a t  -423'F a l s o  had a h igh  
thermal e f f i c i e n c y ,  and r e q u i r e d  a minimum of r e f i l l i n g .  

A l l  t h e  t es t s  a t  -320'F were performed u s i n g  c r y o s t a t s  which 
had au tomat i c  f i l l  c o n t r o l l e r s  t o  ma in ta in  t h e  l e v e l  of t h e  l i q u i d  
n i t r o g e n .  

F i g .  V-12 Creep Rack w i t h  Liquid-Hydrogen C r y o s t a t  
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E.  CORROSION TESTS 

1. General  Corros ion  

Specimens f o r  g e n e r a l  c o r r o s i o n  t e s t i n g  of t h e  aluminum a l l o y s  
were ob ta ined  by s e c t i o n i n g  t h e  l - i n . - th i ck  p l a t e  t o  o b t a i n  "bacon 
sl ices." I n  t h i s  manner t h e  e n t i r e  c r o s s  s e c t i o n  of t h e  material 
w a s  s u b j e c t e d  t o  t h e  c o r r o s i v e  environment ,  r a t h e r  t h a n  j u s t  t h e  
s u r f a c e s .  This  w a s  p a r t i c u l a r l y  d e s i r a b l e  f o r  t h e  welded j o i n t s  
s i n c e  t h e r e  can be  such a g r e a t  v a r i a b i l i t y  i n  t h e  c r o s s  s e c t i o n  
of a weld j o i n t .  

Specimen b lanks  1 i n .  wide x 8 i n .  l ong  x 0.100-in.  t h i c k  w e r e  
exposed i n  t h e  l a b o r a t o r y  t o  a 30-day test i n  20% salt  fog  accord-  
i n g  t o  t h e  method o u t l i n e d  i n  ASTM s p e c i f i c a t i o n  B-117-64. 

S i m i l a r  specimens were s e n t  t o  I n t e r n a t i o n a l  Nickel Company's 
F r a n c i s  L .  LaQue Corros ion  Laboratory a t  f i r e  Beach, N.  C a r o l i n a  
and exposed f o r  a 90-day p e r i o d  i n  a sea c o a s t  environment.  

2 .  Stress Corros ion  

Stress c o r r o s i o n  t e s t i n g  w a s  achieved by use  of s e l f - s t r e s s i n g  
specimens s i m i l a r  t o  t hose  desc r ibed  i n  NASA Techn ica l  Note TND- 
2011. Our specimens w e r e  f a b r i c a t e d  from t h e  same type  of bacon- 
s l ices  desc r ibed  above. S t r i p s  1 i n .  wide x 11 i n .  long x 0.100 
i n .  t h i c k  were b e n t  t o  a predetermined a n g l e  a t  a d i s t a n c e  of 
1% i n .  from each end.  The ben t  ends of matched specimen p a i r s  
were s p o t  welded t o g e t h e r  s o  t h a t  t h e  e n t i r e  c e n t r a l  8- in .  p o r t i o n  
w a s  bowed and s u b j e c t e d  t o  t h e  r e q u i r e d  stress. The s p o t  welded 
ends were coa ted  w i t h  chem-mill masking i n  o r d e r  t o  avoid bend- 
l i n e  a t t a c k  o r  development of any p o s s i b l e  p r e f e r e n t i a l  c o r r o s i o n  
ce l l s .  F igu re  V-13 shows a t y p i c a l  stress c o r r o s i o n  specimen 
ready  f o r  test .  

Specimens of each  a l l o y  and c o n d i t i o n  were s t r e s s e d  t o  v a r i o u s  
pe rcen tages  of t h e i r  y i e l d  s t r e n g t h s  as determined from t e n s i l e  
t e s t i n g .  Depending upon t h e  a n t i c i p a t e d  behav io r ,  stress levels  
w e r e  65,  80,  and 90% o r  65, 70, and 80% of y i e l d  s t r e n g t h .  
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Fig .  V-13 Cons t ruc t ion  Sequence of Typ ica l  S t r e s s  
Corros ion  Specimen 

Half of t h e  specimens were s u b j e c t e d  t o  a l a b o r a t o r y  exposure  
by a l t e r n a t e  immersion f o r  30 days i n  a 3% NaCQ s o l u t i o n  accord- 
i n g  t o  F e d e r a l  T e s t  Method 15113, Method 823. 
t h e  specimens were s u b j e c t e d  t o  t h e  sea c o a s t  environment a t  Kure 
Beach f o r  90 days.  
t h e  Kure Beach f a c i l i t y .  

The remainder of 

F i g u r e  V-14 shows t h e  specimens i n  test a t  

Following tes t ,  a l l  stress c o r r o s i o n  specimens were measured 
t o  de te rmine  t h e  magnitude of stress r e l a x a t i o n  t h a t  occu r red  
d u r i n g  t h e  exposure  p e r i o d .  



v-15 

(a)  Overall V i e w  

(b) Close-up V i e w  

F ig .  V-14 T e s t i n g  Setup a t  Kure Beach 
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V I .  EXPERIMENTAL DATA AND D I S C U S S I O N  OF RESULTS 

This  c h a p t e r  summarizes t es t  d a t a  i n  g r a p h i c a l  and t a b u l a r  
form and d i s c u s s e s  t h e  test r e s u l t s .  Data t h a t  have p rev ious ly  
been p resen ted  i n  appendix form i n  t h e  i n t e r i m  r e p o r t  (Ref 1) are 
n o t  p re sen ted  i n  t h i s  document. 

A. MECHANICAL PROPERTY TESTS 

Mechanical p r o p e r t y  d a t a  ob ta ined  i n  Tasks 11, 111, and I V  
are p resen ted  i n  t h i s  s e c t i o n .  

1. Aluminum Al loys  

a.  Pa ren t  Metal P r o p e r t i e s  

T e n s i l e  p r o p e r t i e s  of t h e  2021-T81 material  from l o t  105-267 
are g iven  i n  Table  VI-1 .  Note t h e  c h a r a c t e r i s t i c  i n c r e a s e  i n  s t r e n g t h  
t h a t  i s  t y p i c a l  of  2000-ser ies  aluminum a l l o y s .  (The u l t i m a t e  s t r e n g t h  
i s  s l i g h t l y  more tempera ture  dependent t han  t h e  y i e l d  s t r e n g t h ;  and 
t h e  e l o n g a t i o n  and t h e  r e d u c t i o n  i n  area i n c r e a s e  w i t h  dec reases  i n  
tempera ture . )  The u l t i m a t e  s t r e n g t h  and y i e l d  s t r e n g t h  e x h i b i t  
l i t t l e  d i r e c t i o n a l i t y ,  b u t  t h e  e longa t ion  and r educ t ion  i n  area do 
depend on t h e  g r a i n  d i r e c t i o n .  I n  t h e  t r a n s v e r s e  d i r e c t i o n ,  t h e  
e l o n g a t i o n  and r e d u c t i o n  i n  area are q u i t e  low. The t e n s i l e  prop- 
ert ies of t h e  two l o t s  of 2021-T8i show approximately t h e  same 
s t r e n g t h  l e v e l s  (Table VI-1). 

The t e n s i l e  p r o p e r t i e s  of AR X7007-T6 from l o t  105-266 are 
g iven  i n  Table  VI-2. A t  room tempera ture ,  t h e  y i e l d  s t r e n g t h  f o r  
AR X7007-T6 i s  s i m i l a r  t o  t h a t  of AR 2021-T81, b u t  t h e  e l o n g a t i o n  
and r e d u c t i o n  i n  a r e a  are s i g n i f i c a n t l y  h i g h e r .  The u l t i m a t e  
s t r e n g t h  of  AR X7007-T6, however, i s  more temperature-dependent 
t han  t h a t  of AR 2021-T81. 
of AR X7007-T6 are somewhat lower i n  t h e  t r a n s v e r s e  d i r e c t i o n .  A s  
i s  t y p i c a l  f o r  7000-ser ies  a l l o y s ,  t h e  d u c t i l i t y  dec reases  as t h e  
tempera ture  drops .  

The u l t i m a t e  s t r e n g t h  and y i e l d  s t r e n g t h  

Although u l t i m a t e  s t r e n g t h ,  y i e l d  s t r e n g t h ,  e l o n g a t i o n  and 
r e d u c t i o n  i n  area i n c r e a s e  wi th  lowering t empera tu res ,  t h e  u l t i m a t e  
s t r e n g t h  i s  s l i g h t l y  more tempera ture  dependent t han  t h e  y i e l d  
s t r e n g t h  e 
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Longitudinal 

Table VI-1 Summary of Parent Metal Property Data for 2021-T81 Aluminum Alloy 

73.3 69 .O 13.8 

98.1 85.5 12.7 

114.0 91.7 13 .O 

Ultimate Yield 

(OF) Direction (ksi) (ksi) 
imperaturel k.,; 1 Grain I Strength I Strength 

Transverse 

87.4 74.9 1 99.5 1 79.8 

70.4 64.5 

92.0 80.0 

105.3 84.8 

70 I 105-267 I Longitudinal1 71.4 I 62.7 

35 .O 

15.2 

14.1 

1 105-267 Transverse 

10.4 0.30 0.33 

11.6 0.31 0.31 

11.6 0.40 0.41 

101.3 

*LT = long transverse; ST = short transverse 

Longitudinal 

12.0 

12.0 18.8 11.8 

77.4 73.4 13.5 

Table VI-2 Summary of Parent Metal Property Data for X7007-T6 Aluminum Alloy 

70 

105-266 

105-266 

-320 

717-781 

-423 I 
*LT = long transverst 

Ultimate Yield 

Direction I (ksi) 1 (ksi) 
Grain Strength Strength Elongation 

( X )  

14.3 

11.7 

11.5 

-- + I 11.4 1 0.391 0.41 

I +No reduction of area could be measured because of excessive delamination. 
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The most s i g n i f i c a n t  o b s e r v a t i o n  made du r ing  t h e  AR X7007- 
T6 t e n s i o n  tests w a s  t h a t  a d i f f e r e n t  k ind  of f r a c t u r e  appeared a t  
c ryogenic  t empera tu res .  When t h e  material w a s  loaded i n  t h e  lon- 
g i t u d i n a l  d i r e c t i o n ,  i t  shea red  f o r  long d i s t a n c e s  i n  a n  in t e r l am-  
i n a r  f a s h i o n ,  as shown v i v i d l y  i n  F i g .  VI-1.9; (However, i t  should  
be  emphasized t h a t  t h e  f r a c t u r e  s t r a i n  w a s  q u i t e  h igh . )  A t  room 
t empera tu re ,  t h e  material  f a i l e d  i n  a c h a r a c t e r i s t i c  s l a n t  manner, 
b u t  a tendency toward laminar  f r a c t u r e  w a s  no ted  ( s e e  F i g .  VI-2). 
When t h e  l o a d s  w e r e  a p p l i e d  i n  t h e  t r a n s v e r s e  d i r e c t i o n ,  i nd ica -  
t i o n s  of laminar  f r a c t u r e s  were found, b u t  were much less pro- 
nounced. 

S t r e n g t h  p r o p e r t i e s  determined f o r  t h e  second l o t  of X7007- 
T6 (717-781) showed a s i g n i f i c a n t l y  h i g h e r  level of bo th  y i e l d  and 
u l t i m a t e  s t r e n g t h s ,  as r e p o r t e d  i n  Table  V I - 2  

The tendency toward i n t e r l a m i n a r  f a i l u r e s  i n  t h e  t e n s i l e  
test r a i s e d  t h e  q u e s t i o n  of whether t h e  s h o r t  t r a n s v e r s e  proper -  
t i e s  would be  a d v e r s e l y  a f f e c t e d .  M i n i a t u r e  threaded  and round 
b a r  specimens (0.156-in. gage d iameter  x 0.312-in. gage l e n g t h s )  
were machined from p a r e n t  m e t a l  of each of t h e  two a l l o y s  and 
t e s t e d  a t  room tempera ture .  No ev idence  of l o w  s t r e n g t h  o r  duc- 
t i l i t y  d e f i c i e n c i e s  w e r e  no ted .  R e s u l t s  are g iven  i n  t h e  follow- 
i n g  t a b u l a t i o n .  

Al loy  

20 21-T8 1 

X7007-T6 

Shor t  T ransve r se  T e n s i l e  P r o p e r t i e s  

U l t i m a t e  S t r e n g t h  
( k s i )  

76.4 
78.1 

77.2 avg 

74.3 
74.1 

74.2 avg 

Yie ld  S t r e n g t h  
( k s i )  

65.4 
65.6 

65.5 avg 

64.3 
63.9 

64.1 avg 

Elongat ion  
(% i n  % i n . )  

12 
8 - 

10 avg 

8 
8 

8 avg 
- 

A l l o y  2014-T6 e x h i b i t e d  an u l t i m a t e  s t r e n g t h  l e v e l  (73.1 
k s i )  s l i g h t l y  above t y p i c a l ,  b u t  no t  abnormal. The y i e l d  s t r e n g t h  
level  (69.5 k s i )  w a s  s u r p r i s i n g l y  h igh  f o r  t h i s  composition. Duc- 
t i l i t y  (10% e l o n g a t i o n )  w a s  q u i t e  normal. 

+;From t h e  a v a i l a b l e  ev idence ,  i t  appears  t h a t  no de lamina t ion  
occurred  b e f o r e  t h e  materials f r a c t u r e d ;  r a t h e r ,  t h e  i n t e r l a m i n a r  
f r a c t u r e  w a s  merely t h e  mode of f a i l u r e .  
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F ig .  V I - 1  F r a c t u r e d  AR X7007-T6 
Tension Specimen, Load Applied 
i n  L o n g i t u d i n a l  D i r e c t i o n ,  
Temperature = -320'F 

P o i  

F i g .  VI-2 F rac tu red  AR X7007-T6 
Tension Specimen, Load Applied 
i n  Long i tud ina l  D i r e c t i o n ,  
Temperature = 70'F 

s s o n ' s  r a t i o ,  and stress vs Modulus of e l a s t i c i t y ,  
s t r a i n  d a t a  f o r  2021-T81 and X7007-T6 w e r e  p r e s e n t e d  i n  d e t a i l  i n  
t h e  i n t e r i m  r e p o r t ,  Summaries of t h e  modulus and P o i s s o n ' s  r a t i o  
d a t a  are inc luded  i n  Tables  V I - 1  and VI-2, r e s p e c t i v e l y .  The 
r e a d e r  i s  r e f e r r e d  t o  t h e  i n t e r i m  r e p o r t  (Ref 1 )  f o r  a d d i t i o n a l  
i n fo rma t ion .  

b. Weld P r o p e r t i e s  

The room tempera ture  u l t i m a t e  and y i e l d  s t r e n g t h s  f o r  t h e  
welded AR 2021-T81 specimens (summarized i n  Table VI-3) w e r e  t y p i c a l  
of t h o s e  f o r  2000-series a l l o y s .  The y i e l d  s t r e n g t h  (measured d i -  
r e c t l y  on t h e  weld c e n t e r l i n e  o r  h e a t  a f f e c t e d  zone) w a s  r a t h e r  
low, and t h e  d u c t i l i t y  (measured over  a 1- in .  gage l e n g t h  f o r  a 
l i m i t e d  number of specimens) w a s  q u i t e  h igh .  
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The as-welded s t r e n g t h  p r o p e r t i e s  f o r  t h e  two l o t s  of m a t e -  
r i a l  were q u i t e  s i m i l a r .  A s  expec ted ,  t h e  h e a t - a f f e c t e d  zone ex- 
h i b i t e d  s l i g h t l y  h i g h e r  y i e l d  s t r e n g t h  t h a n  t h e  weld c e n t e r l i n e .  
Postweld ag ing  (325"F/16  h r )  i n c r e a s e d  t h e  weld s t r e n g t h  approxi -  
mate ly  10%. 

The overhea ted  weld ,  a l though n o t  showing m e t a l l o g r a p h i c  
ev idence  of ove rhea t ing ,  d i d  e x h i b i t  a s l i g h t  r e d u c t i o n  i n  s t r e n g t h  
below t h a t  af t h e  normal as-welded c o n d i t i o n .  Postweld ag ing  re- 
s u l t e d  i n  up t o  10% s t r e n g t h  i n c r e a s e .  

Table  V I - 3  Summary of Room Temperature Weld Behavior 

Yie ld  S t r e n g t h  ( k s i )  

Heat 

Condi t ion  Lot  No. ( k s i )  C e n t e r l i n e  Zone 
U l t i m a t e  S t r e n g t h  Weld Af fec t ed  

2021-T8 1 
AW 105-26 7 4 2 . 3  1 9 . 2  

713-551 40 .O 1 9 , 4  22 .o 
WA 713-581 4 4 . 3  23 .4  25 .O 

ow 713-581 3 8 . 4  18.3 18.5 

OWA 713-581 42 .8  2 4 . 7  28 .4  

X700 7-T6 

PM P a r e n t  m e t a l  WA Welded p l u s  aged 

AW As-welded OW Overheated weld 

OWA Overheated weld p l u s  aged 
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C 

70 50.7 36.5 6 . 3  

-320 68.6 42.2 10.7 

The e f f e c t  of t empera tu re  on t h e  p r o p e r t i e s  of as-welded 
2021-T81 is inc luded  i n  Table  V I - 4 .  Behavior is  t y p i c a l  f o r  a 
2000-series a l l o y .  

Room tempera ture  d a t a  f o r  welded X7007-T6 show e x c e l l e n t  
u l t i m a t e  s t r e n g t h  p r o p e r t i e s  (over  50 k s i )  and a remarkably h i g h  
y i e l d  s t r e n g t h  level (35 t o  40 k s i ) .  The overhea ted  weld e x h i b i t e d  
a n  obvious d e c r e a s e  i n  u l t i m a t e  s t r e n g t h  b u t  only a modest d e c r e a s e  
i n  y i e l d  s t r e n g t h .  These d a t a  are summarized i n  Table  VI-3. 

Table  V I - 4  Summary of Data on E f f e c t  of Temperature 
on Weld P r o p e r t i e s *  

I -423 69.1 47.3 6.7 

;kAs-welded c o n d i t i o n .  I 
The e f f e c t  OF t empera ture  on t h e  t e n s i l e  p r o p e r t i e s  of t h e  

as-welded X7007-T6 i s  g iven  i n  Table VI-4. E x c e l l e n t  s t r e n g t h e n -  
i n g  i s  noted  between 70°F and -320°F; b u t  no a d d i t i o n a l  s t r e n g t h e n -  
i n g  occur red  w i t h  f u r t h e r  d e c r e a s e  i n  tempera ture .  D u c t i l i t y  w a s  
s a t i s f a c t o r y ,  b u t  showed a dec rease  w i t h  dec reas ing  tempera ture  
between -320 and -423°F. 

Weld s t r e n g t h  p r o p e r t i e s  f o r  2014-T6 w e r e  t y p i c a l  f o r  1 - in .  
Overhea t ing  r e s u l t e d  i n  a 10% weld s t r e n g t h  dec rease .  p l a t e .  

Table VI-3 summarizes t h e s e  d a t a .  

The l o c a t i o n s  a t  which t h e  f r a c t u r e s  occur red  and t h e  ap- 
pearances  of t h e  welded t e n s i o n  specimens a f t e r  f a i l u r e  were q u i t e  
i n t e r e s t i n g .  The AR X7007-T6 specimen t h a t  f a i l e d  a t  70°F exhib- 
i t e d  necking i n  t h e  h e a t - a f f e c t e d  zone, approximate ly  % i n .  from 
t h e  c e n t e r l i n e  of t h e  weld and, t o  a lesser degree ,  i n  t h e  c e n t e r  
of t h e  weld bead; a t  -320°F f a i l u r e s  occur red  a t  t h e  c e n t e r l i n e  
of t h e  weld,  and a l though  necking  occur red  i n  t h e  h e a t - a f f e c t e d  
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zone, it was less pronounced than at 70°F. The AR 2021-T81 exhib- 
ited a fracture at 70°F that completely followed the fusion line 
(see Fig. VI-3). At -320"F, however, the failure occurred through 
the center of the weld bead. 

Fig. VI-3 Macrosection through the Center of a 1-Inch 
Thick AR 2021-T81 Welded Tension Specimen 

2. Cryogenically-Stretched Type 301 Stainless Steel 

The tensile properties of unnotched, parent-metal, cryogeni- 
cally-stretched Type 301 stainless steel are given in Table VI-5. 
As the temperature decreases from 70 to -423"F, the ultimate 
strength and the yield strength increase more than 100 ksi. 
ductility increases as the temperature goes from 70 t o  -320"F, but 
then decreases as the temperature drops below -320°F. The elonga- 
tion at -423°F (3.5%) is quite satisfactory, considering that the 
ultimate strength is over 350 ksi. 

The 

Welded, cryogenically-stretched specimens exhibited excellent 
strength properties, and the efficiency of the welded joint aver- 
aged approximately 95%. 
served for the parent metal. 

The ductility was similar t o  that ob- 
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Yield 
Ultimate Strength, 

Temperature Grain Strength 0.2% Offset Elongation 
(OF) Direction (ksi) (ksi) cz) 

Parent Metal Specimens 
70 Longitudinal 244.5 239.1 7.8 

-320 Longitudinal 310.1 306.4 12.3 
-423 Longitudinal 355.8 . 350.7 3.5 
70 Transverse 241.1 229 .O 7.1 

-320 Transverse 315.3 301.2 11.6 
-423 Transverse 353.2 337.7 3.3 

Welded Specimens 
70 Longitudinal 227.8 207.7 5.3 

-320 Longitudinal 301.2 292.8 9.2 
-423 Longitudinal 339.6 336.3 3.8 

Tab le  V I - 5  T e n s i l e  P r o p e r t i e s  of Cryogenica l ly  S t r e t c h e d  
Type 301 S t a i n l e s s  S t e e l *  

Reduction Modulus of Poisson's 
in Area Elasticity Ratio, 

(2) (x 106 psi) LI 

34.8 27.2 0.32 
41.1 29.6 0.28 
30.0 29.6 0.37 
28.1 27.6 0.31 
31.1 29.6 0.30 
11.0 29.7 0.32 

27.7 
33.1 
17.3 
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B.  STATIC FRACTURE-TOUGHNESS TESTS 

Appendix Guide - S t a t i c  F r a c t u r e  Toughness Tests 

Appendix 
Al loy  D e s c r i p t i o n  of Tab le  Table  No. 

AR 2021-T81 Surface-Flawed Welded Specimens A-1 

AR X7007-T6 Surface-Flawed Welded Specimens A-2 

AR 2014-T6 Surface-Flawed Welded Specimens A-3 

AR 2021-T81 Compact-Tension Welded Specimens A-4 

AR X7007-T6 Compact-Tension Welded Specimens A-5 

1 ,  A l u m i n u m  Al loys  

a .  Parent-Metal  Tests" 

Surface-cracked specimens of  A& 2021-T81 were t e s t e d  f o r  
f r a c t u r e  toughness  i n  the  t r a n s v e r s e  o r i e n t a t i o n .  A t  70°F, t h e i r  
f r a c t u r e  s t r e n g t h  was approximate ly  50% of the  y i e l d  s t r e n g t h  and 
t h e i r  p l a n e - s t r a i n  f r a c t u r e  toughness  averaged 33 k s i  fi, 
nominal a/Q va lues  of  0.25-0.30). We noted  t h a t  t h e  f a t i g u e d  pre-  
c r ack  d i d  n o t  have t h e  smooth appearance t h a t  i s  t y p i c a l  of alumi- 
num a l l o y s ;  i n s t e a d ,  i t  appeared ve ry  coa r se ;  and t h e  rap id- f rac-  
t u r e  area, a l though r e l a t i v e l y  f l a t ,  had laminar  c racks  i n  t h e  
r eg ion  ahead of  t h e  semininor  a x i s ,  b u t  n o t  i n  t h e  r eg ions  away 
from t h i s  area. I n  tests a t  -320"F, c r a c k s  of a s i z e  e q u i v a l e n t  
t o  t h o s e  t e s t e d  a t  70°F caused f a i l u r e  a t  stresses approaching 80% 
of t h e  y i e l d  stress. The average  p l a n e - s t r a i n  f r a c t u r e  toughness  
w a s  54 k s i  c n .  
smoother t h a n  those  observed i n  t h e  70°F tests,  t h e r e  w a s  v i r t u a l l y  
no ev idence  of laminar  c rack ing ,  and t h e  p l a n e - s t r a i n  f r a c t u r e  
toughness  i n c r e a s e d  t o  59 k s i  G.. 

(wi th  

A t  -423"F, t h e  f r a c t u r e  f a c e s  appeared much 

The toughness  of t r a n s v e r s e  compact-tension specimens in -  
c r eased  as t h e  tempera ture  decreased .  The toughness  va lues  f o r  
t h e s e  specimens d i d  n o t  a g r e e  w i t h  t h o s e  f o r  t h e  surface-f lawed 
specimens,  b u t  t h i s  i s  n o t  s u r p r i s i n g  s i n c e  t h e  c racks  grow i n  

AParent metal tests of 2021-T81 and X7007-T6 w e r e  conducted 
on Lots  105-267 and 105-266, r e s p e c t i v e l y .  These d a t a  were ob- 
t a i n e d  as p a r t  of t h e  Task I1 e f f o r t  (Ref 1). 
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d i f f e r e n t  d i r e c t i o n s .  I n  edge-notched, compact- tension specimens, 
c r acks  grow i n t o  t h e  width d i r e c t i o n ,  bu t  i n  sur face-cracked  
specimens they grow i n t o  the  t h i c k n e s s  d i r e c t i o n .  P l a n e - s t r a i n  
f r a c t u r e  toughness  l e v e l s  f o r  t h e  two types  of specimens a re  com- 
pared 1 >elow. 

T e s t  d a t a  f o r  p a r e n t  m e t a l  AR 2021-T81 are inc luded  i n  
F ig .  V I - 4 .  Note t h a t  i n  t h e  l o n g i t u d i n a l  d i r e c t i o n ,  s u r f a c e -  
c racked  specimens could  n o t  b e  f r a c t u r e d  a t  stresses below t h e  
y i e l d  s t r e n g t h .  A f t e r  opening the f i r s t  few specimens,  w e  no ted  
t h a t  a s m a l l  area of "pop-in" e x i s t e d  near t h e  f r o n t  f a c e ,  s o  w e  
p l aced  s m a l l  (1/32 t o  1 / 4  i n . )  r e s i s t a n c e  s t r a i n  gages a t  t h e  ends 
of t h e  c rack  i n  an  a t t e m p t  t o  de te rmine  t h e  "pop-in" load .  
d a t a  w e  ob ta ined  were g e n e r a l l y  i n c o n c l u s i v e  , because  t h e  "pop-in" 
area w a s  v e r y  s m a l l .  

The 

The f r ac tu re - toughness  t e s t s  on t h e  sur face-cracked ,  
parent -meta l  A i  X7007-T6 specimens produced some e q u a l l y  s u r p r i s -  
ing  r d s u l t s .  I n  t h e  l o n g i t u d i n a l  d i r e c t i o n ,  t h e  "pop-in" behav- 
i o r  was s i m i l a r  t o  t h a t  noted i n  t h e  A.l  2021-T81 specimens,  bu t  
was of much g r e a t e r  magnitude. 

Delamination around the  c rack  f r o n t  prevented the  A 0, 
X7007-T6 specimens from f r a c t u r i n g  below t h e i r  y i e l d  s t r e n g t h .  
F igu re  V I - 5  shows a t y p i c a l  specimen t h a t  w a s  opened a f t e r  b e i n g  
loaded  t o  a h igh  pe rcen tage  of i t s  y i e l d  s t r e n g t h  a t  -320°F. 
t h e  appearance of t h i s  specimen w e  concluded t h a t  i t  f a i l e d  when 
de laminat ion  occur red  a t  t h e  h i g h - s t r e s s - i n t e n s i t y  area a t  t h e  
f r o n t  of t h e  c rack .  Note t h a t  where t h i s  de l amina t ion  occur red ,  
t h e  c rack  f r o n t  i s  g e n e r a l l y  o r i e n t e d  i n  t h e  wid th  d i r e c t i o n .  

From 
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Fig. VI-4 Static Fracture Toughness of 2021-T81 Aluminum Alloy 



VI-12 

F i g .  VI-5 F r a c t u r e  Face  o f  AR X7007-T6 Surface-Flawed 
Specimen, Load Applied i n  t h e  Long i tud ina l  
D i r e c t i o n ,  Temperature  = -320 "F 

It a p p e a r s  t h a t ,  when t h e  specimen i s  loaded t o  a l e v e l  
t h a t  should be t h e  c r i t i c a l  s tress i n t e n s i t y  a t  t h e  nose of t he  
c rack  ( t h e  end of t h e  semiminor a x i s ) ,  f r a c t u r i n g  cannot  occur  
because t h e  c r a c k  f r o n t  becomes b lun ted ;  and because t h e  s t r e s s  
i n t e n s i t y  d e c r e a s e s  from a maximum a t  t h e  nose of  t h e  c rack  t o  a 
minimum a t  t h e  f r e e  f a c e ,  f r a c t u r i n g  cannot  occur  e l sewhere  a long  
t h e  c rack  f r o n t .  Then, as  t h e  a p p l i e d  load  i s  i n c r e a s e d ,  t h e  
stress i n t e n s i t y  i n c r e a s e s  u n t i l  i t  r eaches  a c r i t i c a l  v a l u e  a t  
some p o i n t  on t h e  c rack  f r o n t  t h a t  i s  not  b lun ted ,  and t h e  f r a c -  
t u r e  b e g i n s .  However, as  t h e  c rack  beg ins  t o  sp read ,  laminar  crack- 
i n g  occur s  i n  t h e  wid th  d i r e c t i o n  and a r res t s  t h e  growth u f  t he  
c rack ,  and a r e g i o n  of  h ighe r  f r a c t u r e  toughness  near  t h e  s u r f a c e  
p reven t s  t h e  c r a c k  from ex tend ing ,  When t h i s  occur s ,  a small 
f r a c t u r e  r eg ion  appea r s  nea r  t h e  f a c e  of  t h e  c rack .  

T h i s  type  of "pop-in" behav io r  h a s  been confirmed by 
s t a i n i n g  t h e  t e s t  specimens b e f o r e  opening them and by s t r a i n  
gage d a t a  ( s e e  F i g .  VI-6) ob ta ined  d u r i n g  t h e  tests. F i g u r e  
V I - 6  shows that  t h e r e  is  l o c a l  y i e l d i n g  a t  the end of the crack, 
a l though  t h e  nominal s t r a i n  away from t h e  c rack  i s  s t i l l  e l a s t i c .  
A t  t h e  "pop-in" load ,  t h e  s l o p e  of t h e  curve dec reases  a b r u p t l y ,  

Our a t t e m p t s  t o  c a l c u l a t e  the  c r i t i c a l  s t r e s s  i n t e n s i t i e s  
from t h e  "pop-in" load and t h e  d i r e c t i o n  i n  which t h e  f r a c t u r e s  
began d i d  n o t  produce s a t i s f a c t o r y  d a t a ,  
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D i  s p l a  cement 

F ig .  VI-6 Load vs Displacement f o r  the AR X7007-T6 Specimen 
Shown. i n  Fig.  V I - 5  

Toughness t e s t s  conducted a t  -423°F produced complete 
f r a c t u r e s  t h a t  were no t  a r r e s t e d .  An examinat ion of t h e  f r a c t u r e  
f a c e  ( s e e  F i g .  VI-7) revealed t h e  s a m e  t y p e  of c r a c k  b l u n t i n g  
a t  t he  end o f  t he  semiminor a x i s  and i n d i c a t e d  t h a t  t h e  f r a c t u r e s  
began nea r  t h e  f r o n t  f a c e .  However, u n l i k e  t h e  f r a c t u r e s  produced 
a t  70 and -320"F, t h e  c r a c k s  proceeded f o r  a s i g n i f i c a n t  d i s t a n c e  
on each s i d e  o f  t he  d e f e c t .  The r e s u l t i n g  f r a c t u r e s  a p p a r e n t l y  
progressed v i a  shea r ing  i n  t h e  t h i c k n e s s  d i r e c t i o n .  

I n  t h e  t r a n s v e r s e  d i r e c t i o n ,  t he  A &  X7007-T6 s u r f a c e -  
cracked p a r e n t  metal  specimens f r a c t u r e d  a t  s t r e s s e s  below t h e  
y i e l d  s t r e n g t h .  I n  t h e s e  c a s e s ,  t h e  f r a c t u r e s  d i d  not  appear  t o  
beg in  a t  t h e  nose of t he  p rec rack .  Examinations d i s c l o s e d  t h a t  
t h e s e  f r a c t u r e s  a l s o  began nea r  t h e  s u r f a c e ,  l i k e  those t h a t  oc- 
cu r red  i n  l o n g i t u d i n a l l y - l o a d e d  specimens of t h e  pa ren t  me ta l  
( s e e  F i g .  VI-8). I n  t h e s e  cases, however, t h e  laminar  c rack ing  
was not e x t e n s i v e  enough t o  a r r e s t  t h e  growth of t he  c r a c k .  A l -  
though complete f r a c t u r e s  occur red ,  toughness d a t a  c a l c u l a t e d  f o r  
t h i s  s e r i e s  of t e s t s  a r e  not  r e l i a b l e ,  and have no t  been included 
i n  t h i s  r e p o r t .  
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F i g .  VI-7 Fracture Face of an AR X7007-T6 Surface-Flawed Specimen, 
Load Applied in the Longitudinal Direction, Temperature 
= -423'F 

Fig. VI-8 Fracture Face of an AR X7007-T6 Surface-Flawed Specimen, 
Load Applied in the Transverse Direction, Temperature 
= 70°F 
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Fracture- toughness  values w e r e  c a l c u l a t e d  f o r  compact- 
t e n s i o n  specimens t h a t  had been t e s t e d  i n  t h e  t r a n s v e r s e  d i r e c -  
t i o n .  These va lues  a r e  shown below. 

I n  t h e s e  cases, t h e  d i r e c t i o n  i n  which t h e  c racks  extended was 
normal t o  t h e  d i r e c t i o n  of t h e  l amina t ions ,  and b l u n t i n g  d i d  n o t  
appear  t o  occur .  F igure  V I - 9  shows t h e  f r a c t u r e  face of a typ- 
i c a l  compact-tension specimen. 

Fracture- toughness  tes t  d a t a  f o r  parent -meta l  specimens of 
AR X7007-T6 are inc luded  i n  F i g .  V I - 1 0 .  

b . Welded-Metal T e s t s / E f f e c t  of Temperature" 

Frac ture- toughness  tests ( i n  t h e  l o n g i t u d i n a l  d i r e c t i o n  
only)  were performed on welded sur face-cracked  and compact-tension 
specimens of X7007-T6 and 2021-T81 a t  70,  -320, and -423°F t o  
c h a r a c t e r i z e  t h e  e f f e c t  of tempera ture  on toughness .  

A s  shown below, t h e  toughness of t h e  AR 2021-T81 su r face -  
f lawed specimens is  h i g h e r  a t  c ryogenic  tempera tures  than  a t  room 
tempera ture .  The one-in.  t h i ckness  of t h e  welded p l a t e s  proved 
inadequate  f o r  o b t a i n i n g  f r a c t u r e  d a t a  f o r  t h e  through-cracked 
compact t e n s i o n  specimen, excep t  a t  -423°F. 

Temperature 

The d a t e  f o r  -423°F show r e l a t i v e l y  good agreement.  
t h i s  type  of comparison could n o t  b e  made f o r  wrought m a t e r i a l ,  
t h e  d i r e c t i o n a l i t y  e f f e c t s  i n  a cast  s t r u c t u r e  are l i m i t e d  enough 
s o  t h a t  t h e  d a t a  f o r  t h e  two types  of specimens can be  compared.) 

(Although 

"These tests were conducted as p a r t  of Task 111. 
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Fig, V I - 9  Fracture Face o f  Parent-Metal. X7007-T6 
Compact-Tension Specimen 
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--2 
SC Specimen, Welded, 
Long i tud ina l  D i r e c t i o n  CT Specimen, Welded, 

Transverse  D i r e c t i o n ,  

-400 -300 -200 -100 0 

Temperature (OF) 

100 

F i g .  VI-10 S t a t i c  F r a c t u r e  Toughness o f  X7007-T6 Aluminum Al loy  
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The f r a c t u r e  s t r e s s f y i e l d  s t r e s s  r a t i o  was w e l l  above 1.0 
f o r  a l l  su r f ace -c racked  specimens, and w a s  t y p i c a l l y  between 1 .2  
and 1 .4 .  Normally, such a h igh  f r a c t u r e  s t r e s s l y i e l d  stress r a t i o  
would tend t o  i n v a l i d a t e  t h e  t e s t  r e s u l t s .  However, i n  t h i s  ca se  
the  welded mater ia l  had no t  been s t r e s s - r e l i e v e d ,  and t h e  behavior  
can be r e a d i l y  exp la ined .  

When making a m u l t i p a s s  weld on wide p l a t e s  (ou r  p l a t e s  
were two f t  wide) ,  t h e  r e s i d u a l  s t r e s s e s  a t  r i g h t  a n g l e s  t o  t h e  
weld can become s i g n i f i c a n t .  Although t h e s e  r e s i d u a l  s t resses  
e x i s t  a s  t e n s i o n  s t r e s s e s  a t  t h e  s u r f a c e  o f  t h e  mater ia l ,  equ i -  
l i b r i u m  requirements  t e l l  u s  t h a t  t h e r e  should be t r a n s v e r s e  com- 
p r e s s i v e  s t r e s s e s  i n  t h e  c e n t r a l  p o r t i o n  of t h e  weld zone. Now, 
i f  t h e r e  i s  a c r a c k  approximately halfway through t h e  p l a t e ,  t h e r e  
may be r a t h e r  h igh  r e s i d u a l  compression f o r c e s  on the  nose of the  
c r a c k .  Because t h e s e  m u s t  be overcome dur ing  load ing ,  t h e  nomi- 
n a l  s t r e s s  can be g r e a t e r  than t h e  l o c a l  s t r e s s  i n  t h e  c e n t e r  of 
t he  weld,  and t h e  f r a c t u r e  s t r e s s l y i e l d  s t r e s s  r a t i o  may suggest  
tha t  y i e l d i n g  has occur red  even though t h e  c e n t e r  of t h e  weld is  
s t i l l  e las t ic .  No program w a s  conducted f o r  determining t h e  ex- 
t e n t  of r e s i d u a l  stress v a r i a t i o n s  i n  mul t ip l e -pass  weld j o i n t s .  
However, f o r  f u l l  u s e  of f r a c t u r e  mechanics p r i n c i p l e s  i n  f a i l -  
safe d e s i g n  approaches,  such  a program would b e  essential .  

Test d a t a  f o r  t h e  welded AR 2021-T81 specimens are pre-  
s e n t e d  i n  Fig.  V I - 4 .  

Because of t he  l o c a t i o n  of t h e  f a i l u r e s  i n  the  70°F, un- 
notched Ai" 2021-T81 welded t e n s i o n  specimens and o f  r e p o r t s  c f  
p o s s i b l e  low toughness i n  the  h e a t - a f f e c t e d  zone, s e v e r a l  s p e c i -  
mens t h a t  had d e f e c t s  a s  c l o s e  a s  p o s s i b l e  t o  t h e  f u s i o n  l i n e  
were prepared and t e s t e d .  I n  two samples, t h e  t i p  of t he  d e f e c t  
was a c t u a l l y  i n  t h e  h e a t - a f f e c t e d  zone, v e r y  c l o s e  t o  t k e  f u s i o n  
l i n e ,  C r o s s - s e c t i o n a l  examinat ions of t h e  f a i l e d  specimens showed 
t h a t  t h e  path of t h e  f r a c t u r e  was not  i n  the  p l ane  of t h e  d e f e c t ,  
but  jumped t o  the  f u s i o n  l i n e  and followed i t  f o r  some d i s t a n c e .  
The toughness v a l u e s  f o r  two r e p l i c a t e  specimens were 27 and 28 
k s i a .  A t h i r d  specimen f a i l e d  a t  a s l i g h t l y  lower l e v e l  (22 
k s i a . ) ;  subsequent examination showed t h a t  t he  d e f e c t  was i n  
t h e  cast  material ve ry  c l o s e  t o  t h e  f u s i o n  l i n e  and followed t h e  
f u s i o n  l i n e  du r ing  f r a c t u r e .  

The welded AR X7007-T6 e x h i b i t e d  the d e c r e a s e  i n  toyghness 

However, a t  room temperature ,  t h e  toughness ( 4 1  k s i G )  
w i t h  r e d u c t i o n s  i n  t empera tu re  tha t  i s  characterist ic of 7000-Series 
alloys. 
w a s  q u i t e  h igh .  The s t r e s s - i n t e n s i t y  d a t a  f o r  t h e  two types of 
specimens fo l low and are a l s o  shown i n  F i g .  V I - 1 0 .  
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A t  70°F,  t h e r e  was not  enough "pop-in" i n  the  compact- 
t e n s i o n  welded specimens f o r  u s  t o  de te rmine  the  f r a c t u r e  tough- 
n e s s ,  b u t  t h e  cryogenic  toughness  l e v e l s  ob ta ined  from t h e  two 
t y p e s  of specimens were i n  r ea sonab ly  good agreement .  

The f r a c t u r e  f a c e s  of the  welded A,!, X7007-T6 specimens 
had s e v e r a l  i n t e r e s t i n g  f e a t u r e s .  The f a t i g u e d  p rec rack  d i d  no t  
e x h i b i t  t he  smooth, f i n e - g r a i n e d  appearance t h a t  i s  c h a r a c t e r i s t i c  
of  aluminum a l l o y s ;  i n s t e a d ,  t he  s u r f a c e  p a t t e r n s  ( s e e  F i g .  V I - 1 1 )  
matched the  d i s t r i b u t i o n  of second-phase p a r t i c l e s  found i n  t h e  
macro- and mic ro - sec t ions  t h a t  were taken  through t h e  weld.  These 
same p a t t e r n s  were apparent  i n  t h e  a r e a  of r a p i d  f r a c t u r e .  

c .  Welded-Metal T e s t s / E f f e c t  of Weld Parameters* 

A s  a r e s u l t  of t h e  i n i t i a l  f i n d i n g s  on t h e  f r a c t u r e  tough- 
n e s s  c h a r a c t e r i s t i c s  of welded j o i n t s ,  i t  w a s  dec ided  t o  perform a 
v a r i e t y  of a d d i t i o n a l  surface-f lawed specimen tests a t  room tempera- 
t u r e  i n  o r d e r  t o  c h a r a c t e r i z e  weldment c o n d i t i o n  and d e f e c t  loca-  
t i o n .  

For  a l l  t h r e e  aluminum a l l o y s  (2021 ,  X7007, and 2 0 1 4 ) ,  
e v a l u a t i o n  was performed f o r  t h e  as-welded (AW), overhea ted  weld 
(OW), and r e p a i r e d  weld (WR) c o n d i t i o n s .  In a d d i t i o n ,  2021  was 
aged a f t e r  weld ing  (WA), a f t e r  r e p a i r i n g  (W), and a f t e r  overhea t -  
i n g  (OWA) t o  p rov ide  t h r e e  a d d i t i o n a l  c o n d i t i o n s .  

The e f f e c t  of d e f e c t  l o c a t i o n  w a s  c h a r a c t e r i z e d  by p l a c i n g  
t h e  s u r f a c e  f l aw  i n  t h e  fo l lowing  l o c a t i o n s :  

1) Weld c e n t e r l i n e ;  

2)  Heat -a f fec ted  zone; 

3 )  Fusion l i n e .  

"These tests w e r e  conducted as p a r t  of Tasks I V  and V .  
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F i g  a V I - 1 1  F r a c t u r e  Pace of Welded X7007-T6 Surface-Flawed Specimen 
(Arrows I n d i c a t e  Extent of F a t i g u e  Advanced Flaw) 
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Because of t h e  unknown i n t e r n a l  shape  of t h e  weld a t  a s p e c i f i c  
l o c a t i o n ,  i t  i s  v i r t u a l l y  imposs ib l e  t o  l o c a t e  t h e  nose of t h e  
d e f e c t  e x a c t l y  on t h e  f u s i o n  l i n e .  However, a t t e m p t s  were made 
t o  come as c l o s e  as p o s s i b l e .  From p r i o r  expe r i ence  w i t h  one 
a l l o y ,  2 0 2 1 ,  w e  l ea rned  t h a t  i f  f l aws  w e r e  p laced  s u f f i c i e n t l y  
c l o s e  t o  t h e  f u s i o n  l i n e ,  t h e  f r a c t u r e  would p rogres s  t o  t h e  
f u s i o n  l i n e  and then con t inue .  

The expe r imen ta l  d a t a  are summarized i n  Table  VI-6. The 
d a t a  show a g e n e r a l  tendency f o r  s u b c r i t i c a l  c r a c k  growth t o  b e  
most pronounced f o r  t h e  f u s i o n  l i n e  and h e a t - a f f e c t e d  zone condi- 
t i o n s .  I n  t h e  weld c e n t e r l i n e ,  s u b c r i t i c a l  growth appeared i n  a 
few cases f o r  welds which w e r e  s u b j e c t e d  t o  e x c e s s i v e  h e a t i n g .  
More d e t a i l e d  d e s c r i p t i o n s  of behav io r  are p resen ted  i n  t h e  f o l -  
lowing pa rag raphs .  

Table  VI-6 Summary of F r a c t u r e  Toughness Data Showing E f f e c t  
of Weldment Condi t ion  and Defec t  Loca t ion  

Average C r i t i c a l  Stress I n t e n s i t y  ( k s i f i )  
f o r  I n d i c a t e d  Defec t  Loca t ion  

Jeldment 
:ondi t i o n  

AW 

WA 

ow 
OWA 

m 
WRA 

AW 

ow 
WR 

AW 

ow 
WR 

Weld C e n t e r l i n e  Fus ion  Line  

24.5  26 .1  LBV, SCG 

30.6 27.7 LBV, SCG 

2 5 . 1  23.8 LBV, SCG 

22.8 26 .4  LBV, SCG 

26.9 24.0 LBV, SCG 

23.0'" 26 .3  LBV, SCG 

4 2 .  OJ; 4 2 . 2  LBV, SCG 

35.1 LBV, SCG 40.0 LBV, SCG 

40.9 LBV, SCG 42.2  LBV, SCG 

20.2 27.2 LBV, SCG 

22.5" 24.8 LBV, SCG 

25.6 LBV, SCG 26.5 LBV, SCG 

Heat-Affected 
Zone 

33.8  LBV, SCG 

37.9 LBV, SCG 

30.9 LBV, SCG 

36.7 LBV, SCG 

cimen e x h i b i t e d  s u b c r i t i c a l  c r ack  growth. 

Legend : 

AW As-welded WR Repaired weld 

WA Welded p l u s  aged WRA Repaired weld p l u s  aged 

ow Overheated weld LBV Lower bound v a l u e  

OWA Overheated weld p l u s  SCG S u b c r i t i c a l  c r a c k  growth 
aged 

38.8  LBV, SCG 

36.2  LBV, SCG 

32.6 LBV, SCG 

30.0 LBV, SCG 
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The 2021-T81 a l l o y  d a t a  show t h a t  postweld ag ing  can pro- 
v i d e  improved f r a c t u r e  toughness.  This  w a s  t r u e  f o r  a l l  d e f e c t  
l o c a t i o n s  b u t  n o t  a l l  weld c o n d i t i o n s .  The most d rama t i c  i n c r e a s e  
occur red  i n  t h e  weld c e n t e r l i n e  where an i n c r e a s e  of 25% over  t h e  
as-welded c o n d i t i o n  occur red .  

However, i t  w a s  no ted  t h a t  ag ing  of e i t h e r  an overhea ted  
o r  a r e p a i r e d  weld caused a r e d u c t i o n  i n  toughness.  No  e f f e c t  on 
toughness w a s  d e t e c t e d  f o r  overhea ted  o r  r e p a i r e d  welds when pos t -  
weld ag ing  w a s  n o t  performed. These o b s e r v a t i o n s  sugges t  t h a t  
e x c e s s i v e  h e a t  d u r i n g  t h e  weld p r o c e s s  a f f e c t s  subsequent  p o s t -  
weld ag ing  i n  a manner t h a t  i s  d e l e t e r i o u s  t o  toughness.  Pos t -  
weld ag ing  produced a modest i n c r e a s e  i n  thoughness f o r  f l aws  
l o c a t e d  i n  t h e  h e a t - a f f e c t e d  zone and f u s i o n  l i n e  areas. I n  t h e s e  
c a s e s ,  toughness i n c r e a s e d  (modestly) f o r  a l l  weld c o n d i t i o n s  
( i . e * ,  normal weld ,  overhea ted  weld ,  r e p a i r e d  we ld ) .  No explana- 
t i o n  f o r  t h e  appa ren t  g r e a t e r  s e n s i t i v i t y  of t h e  weld c e n t e r l i n e  
t o  thermal  e f f e c t s  can be made wi thou t  a d d i t i o n a l  s tudy .  

S u b c r i t i c a l  f l aw  growth w a s  observed i n  2021-T81 tests 
conducted w i t h  t h e  d e f e c t  l o c a t e d  i n  t h e  h e a t - a f f e c t e d  zone and 
f u s i o n  l i n e  r e g i o n s .  A s  a r e s u l t ,  t h e  toughness l e v e l  r e p o r t e d  
i s  a lower bound v a l u e  because i t  i s  c a l c u l a t e d  based on t h e  
f r a c t u r e  stress and i n i t i a l  f l aw  s i z e ,  n o t  on t h e  f l aw  s i z e  a t  
i n s t a b i l i t y .  S u b c r i t i c a l  f l aw  growth w a s  d e t e c t e d  f o r  on ly  one 
of t h e  weld c e n t e r l i n e  specimens; t h i s  w a s  a weld r e p a i r e d  and 
post-weld aged specimen. 

A comparison of t h e  toughness of t h e  t h r e e  r e g i o n s  i n -  
d i c a t e d  t h a t  t h e  h e a t  a f f e c t e d  zone w a s  markedly tougher  t h a n  t h e  
weld c e n t e r l i n e  o r  f u s i o n  l i n e .  A s  a r e s u l t  of t h e  s u p e r i o r  tough- 
n e s s  achieved  from aged specimens,  i t  w a s  dec ided  t h a t  t h e  th re sh -  
o l d  t e s t i n g  shou ld  be  performed u s i n g  welded and aged material. 

The X7007-T6 a l l o y  e x h i b i t e d  ex t remely  h igh  weld c e n t e r -  
l i n e  f r a c t u r e  toughness ,  q u i t e  similar t o  t h a t  observed f o r  t h e  
earlier h e a t .  The overhea ted  and r e p a i r e d  welds showed a modest 
l o s s  of toughness.  The h i g h e s t  o v e r a l l  toughness f o r  t h e  t h r e e  
weldment c o n d i t i o n s  w a s  ach ieved  i n  t h e  f u s i o n  l i n e .  

The X7007-T6 composition e x h i b i t e d  s u b c r i t i c a l  growth i n  
a l l  t h e  r eg ions  e v a l u a t e d .  Of t h e  t h r e e  a l l o y s  t e s t e d ,  X7007-T6 
showed t h e  g r e a t e s t  s u s c e p t i b i l i t y  t o  s u b c r i t i c a l  growth i n  t h e  
weld c e n t e r l i n e  l o c a t i o n .  

The 2014-T6 composition e x h i b i t e d  a modest i n c r e a s e  i n  

E s s e n t i a l l y  
f r a c t u r e  toughness f o r  t h e  two overhea ted  c o n d i t i o n s  (OW and WR) 
when d e f e c t s  were l o c a t e d  i n  t h e  weld c e n t e r l i n e .  
t h e  o p p o s i t e  t r e n d  w a s  e v i d e n t  f o r  f u s i o n  l i n e  and h e a t  a f f e c t e d  
zone d e f e c t s .  
and h e a t - a f f e c t e d  zone specimens e x h i b i t e d  s u b c r i t i c a l  c r ack  
growth. The weld c e n t e r l i n e  d e f e c t  l o c a t i o n  on ly  showed s u b c r i t -  
i c a l  growth f o r  overhea ted  o r  r e p a i r e d  welds.  

S i m i l a r  t o  t h e  o t h e r  two a l l o y s ,  a l l  f u s i o n  l i n e  
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A comparison of t h e  f r a c t u r e  toughness of t h r e e  a l l o y s  
shows X7007-T6 t o  b e  t h e  t o u g h e s t ,  fo l lowed i n  o r d e r  by 2021-T8i 
and 2014-T6. 

A p p l i c a t i o n  of t h e  a c o u s t i c a l  moni tor ing  technique  on t h e  
AR X7007-T6 a l l o y  pe rmi t t ed  us t o  prove  t h a t  t h e  e x p l a n a t i o n  f o r  
format ion  of t h e  s m a l l  t r i a n g u l a r  f r a c t u r e  advances n e a r  t h e  f r o n t  
f a c e  ( see  F ig .  VI-5) w a s  c o r r e c t .  This  w a s  accomplished by l o a d i n g  
a h e a t  a f f e c t e d  zone specimen u n t i l  s e v e r a l  d i s t i n c t  a c o u s t i c a l  
emiss ions  w e r e  d e t e c t e d .  The specimen w a s  t h e n  unloaded and 
s t a i n e d  w i t h  a dye-penet ran t  and baked a t  a low tempera ture  ( ~ 1 5 0 ' F )  
to ach ieve  d ry ing .  The specimen w a s  t hen  r e loaded  u n t i l  f a i l u r e  
occurred.  Examination of t h e  f r a c t u r e  showed t h e  same t y p e  of 
c rack  b l u n t i n g  around t h e  nose of t h e  c rack  and t h e  s m a l l  tri- 
angu la r  f r a c t u r e  advance areas n e a r  t h e  f r o n t  f a c e .  It w a s  no ted  
t h a t  t h e  s t a i n  had p e n e t r a t e d  i n t o  t h e  de laminat ion  around t h e  
c rack  f r o n t .  However, t h e  s m a l l  t r i a n g u l a r  zones d i d  n o t  show 
s t a i n i n g  (Fig.  VI-12). Th i s  i n d i c a t e s  t h a t  t h e  c rack  b l u n t i n g  
occur s  du r ing  monotonic l o a d i n g  and t h a t  t h e  pop-in does n o t  occur  
u n t i l  a h i g h e r  l o a d  i s  reached.  

S t a i n i n g  of o t h e r  specimens ( a f t e r  l oad ing  u n t i l  a c o u s t i c a l  
emiss ions  were o b t a i n e d ,  and then  r e l o a d i n g  t o  f a i l u r e )  showed 
va ry ing  amounts of s u b c r i t i c a l  growth. I n  some c a s e s ,  as much as 
0.050-in. c r ack  e x t e n s i o n  w a s  no ted .  F igu re  VI-13 shows a 2021 
weld c e n t e r l i n e  specimen t h a t  e x h i b i t e d  0.020 t o  0.030-in. uniform 
c rack  growth around t h e  p e r i p h e r y  of t h e  c rack .  

d. Welded-Metal T e s t s / B a s e l i n e  Data f o r  Threshold T e s t i n g  

To perform t h e  t h r e s h o l d  t e s t i n g  u s i n g  t h e  compact t e n s i o n  
specimens,  i t  w a s  necessa ry  t o  c h a r a c t e r i z e  t h e  s t a t i c  f r a c t u r e  
toughness behav io r  f o r  each  weld c o n d i t i o n  and f law l o c a t i o n .  A 
summary of t h e  s t a t i c  test r e s u l t s  is  g iven  i n  Table V I - 7 .  

The CTS d a t a  shows lower c r i t i c a l  stress i n t e n s i t y  v a l u e s  
f o r  t h e  2021 a l l o y  than  t h c s e  v a l u e s  o b t a i n e d  us ing  s u r f a c e -  
flawed specimens. However, t h i s  i s  c h a r a c t e r i s t i c  of r e s u l t s  
ob ta ined  w i t h  compact t e n s i o n  specimens. For c a l c u l a t i o n  of t h e  
c r i t i c a l  scress i n t e n s i t y ,  t h e  s l o p e  change and d isp lacement  s h i f t  
of t h e  l o a d v s  d isp lacement  curve w a s  used. 
i n  m u l t i p l e  pass welds i s  n o t  as e x t e n s i v e  as t h a t  o b t a i n e d  when 
t e s t i n g  p a r e n t  m e t a l  o r  s i n g l e  p a s s  welded coupons. The reason  
f o r  t h e  less pronounced s h i f t  can be a t t r i b u t e d  t o  t h e  s u r f a c e  
f i l l  pas s  l a y e r s  of t h e  weld,  which are under r e s i d u a l  t e n s i o n  
stresses, and t end  t o  p l a s t i c a l l y  deform r e a d i l y  when t h e  i n t e r i o r  
r eaches  e l a s t i c  i n s t a b i l i t y .  As a r e s u l t ,  c r ack  e x t e n s i o n  i n  t h e  
i n t e r i o r  i s  i n h i b i t e d .  

The d isp lacement  s h i f t  
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Fig.  V I - 1 2  F r a c t u r e  Face of AR X7007-T6 Surface-Flawed 
Specimen Showing S t a i n i n g  a long  Delaminated 
Crack Front  

Fig.  V I - 1 3  F r a c t u r e  Face of AR 2021-T81 Surface-Flawed 
Specimen Showing Slow Crack Extension a f t e r  
Monotonic Loading 
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Table  V I - 7  Summary of  Compact Tension Specimen Base l ine  
F r a c t u r e  Toughness Data 

Al loy  

2021-T81 

X7 00 7 -T6 

Weldment 
Condi t ion  

WA 

ow 
WRA 

AW 

ow 
WR 

Defec t  Loca t ion  

Weld 
C e n t e r l i n e  

17 .9  

20.7 

1 6 . 1  
9; 

>k 

>k 

Heat 
Fus ion  Af fec t ed  

Line  Zone 

17.4 22.9 

-I. 15 .4  

,‘No KIc; specimens d i d  n o t  e x h i b i t  pop-in behav io r .  I 
Legend : 

WA Welded p l u s  aged WR Repaired w e l d  

ow Overheated weld WRA Repaired weld p l u s  aged 

In  the X7007 a l l o y ,  w e  found inc remen ta l  c r ack  growth and 
no s i g n i f i c a n t  s l o p e  change o r  d isp lacement  s h i f t .  
c r ack ing  occur red  o u t  of p l ane .  A s  a r e s u l t  of t h e s e  f a c t o r s ,  no 
c r i t i c a l  stress i n t e n s i t y  could  b e  determined.  

I n  a d d i t i o n ,  

2 .  C r y o g e n i c a l l y S t r e t c h e d  Type 301 S t a i n l e s s  S t e e l  

a .  pa ren t -Meta l  T e s t s  

Room-temperature tests performed us ing  sur face- f lawed 
specimens showed t h a t  t h e  f r a c t u r e  toughness  was s l i g h t l y  h ighe r  
t han  100 k s i  fi. 

= 1.00 wi thou t  f a i l i n g .  The w a s  loaded t o  108 k s i  K n .  

remaining specimens were cracked t o  c r e a t e  deeper  f l aws  and f a i l e d  
a t  102 k s i a .  
s t ress  i n t e n s i t y  of 103 ksi f i n .  , showing no d i r e c t i o n a l i t y  
e f f e c t s ,  

I n  t h e  l o n g i t u d i n a l  d i r e c t i o n ,  one specimen 

P / 5 s  

The t r a n s v e r s e  specimens f a i l e d  a t  a n  average  
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A t  c ryogenic  tempera tures ,  t h e  f r a c t u r e  toughness  de-  
c reased  s i g n i f i c a n t l y  and was lower i n  t h e  t r a n s v e r s e  d i r e c t i o n .  
The f r ac tu re - toughness  d a t a  are  shown below and i n  F ig .  V I - 1 4 .  

Even though t h e  toughness  of t h e  s t a i n l e s s  s teel  decreased  about  
SO% as t h e  t empera tu re  went from 70 t o  -423"F, t h i s  w a s  s t i l l  a 
h igh  level  o f - t o u g h n e s s ,  cons ide r ing  t h a t  t h e  t e n s i l e  s t r e n g t h  
w a s  so  h igh  (350 k s i ) .  
a t  normal working stresses, can be  ex t remely  s m a l l .  

However, a t  -423°F t h e  c r i t i c a l  f l aw  s i z e ,  

b .  Welded-Metal Tests 

A t  room tempera ture ,  t he  f r a c t u r e  toughness  o f  s u r f a c e -  
cracked welded specimens (80 k s i  6.) was approximate ly  78% of 
t h a t  f o r  t h e  p a r e n t  me ta l .  A t  c ryogenic  tempera tures ,  t h e  f r a c -  
t u r e  toughness dec reases  f u r t h e r :  a t  -320 and -423"F, t he  tough- 
n e s s  was 42 and 37 k s i  =., r e s p e c t i v e l y ,  o r  on ly  about  65% a s  
tough a s  t h e  pa ren t  me ta l .  These t e s t  d a t a  a r e  presented  i n  F i g .  
V I - 1 4 .  
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Fig .  V I - 1 4  S t a t i c  F r a c t u r e  Toughness o f  Cryogen ica l ly  S t r e t c h e d  
Type 301 S t a i n l e s s  S t e e l  
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c a CYCLIC-LOAD FLAW-ENLARGEMENT TESTS 

I n  most c a s e s ,  on ly  t h r e e  t e s t s  were performed t o  c h a r a c t e r -  
i z e  crack-growth behavior .  From t h i s  l i m i t e d  amount o f  t e s t i n g ,  
w e  can o b t a i n  on ly  a crude idea  o f  t h i s  process  ( t h e  e x p o n e n t i a l  
crack-growth f u n c t i o n ,  f o r  example, cannot be c a l c u l a t e d  w i t h  such 
l i m i t e d  in fo rma t ion ) .  The re fo re ,  t h e  prime purpose f o r  conduct- 
i n g  t h e s e  t es t s  was - t o  compare our r e s u l t s  w i th  a v a i l a b l e  da t a .  

I n  a l l  c y c l i c  t e s t s ,  the stress r a t i o ,  R*, w a s  less t h a n  0.05. 
In most cases R w a s  about  0.02. A s  a r e s u l t ,  the  d a t a  are 
t r e a t e d  a s  though R = 0.  

have p resen ted  t h e  t es t  d a t a  a s  %ax; bu t  f o r  convenience,  we 

have c a l l e d  t h e  s t recc ;  i n t e n s i t y  K r a t h e r  t han  Kmax i n  o rde r  t o  

i n d i c a t e  t h a t  w e  a r e  u s i n g  tile average maximum s t ress  i n t e n s i t y ,  
n o t  t h e  i n i t i a l  s t ress  i n t e n s i t y .  

we I n s t e a d  of u s ing  AK = Kmax - Kmins 

I n  t h e s e  t e s t s ,  w e  t r i e d  t o  keep t h e  d i f f e r e n c e  between t h e  
i n i t i a l  s t ress  i n t e n s i t y  and t h e  f i n a l  s t ress  i n t e n s i t y  small .  
By doing s o ,  we were a b l e  t o  o b t a i n  a more a c c u r a t e  l i n e a r  i n t e r -  
p o l a t i o n  o f  t h e  crack-growth r a t e .  

1. Aluminum Al loys  

a .  Parent-Metal Tests 

Test  d a t a  f o r  compact-tension specimens a r e  p re sen ted  i n  
Fig. VI-15 and I V - 1 6 . t  

* 
R = m i n i m u m  stress/maximum stress. 

'Detailed t a b u l a r  d a t a  f o r  a l l  c y c l i c  tests were p r e s e n t e d '  i n  
t h e  interrm r e p o r t .  
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b . Welded-Metal Tests 

Surface-cracked specimens were used t o  o b t a i n  the  d a t a  
presented  i n  F i g .  VI-17 and VI-18. I n  some c a s e s ,  m u l t i p l e  d a t a  
were obta ined  by p e r i o d i c a l l y  fa t igue-marking  t h e  specimens. 
F i g u r e  VI-19 shows the  f r a c t u r e  f a c e  of a t y p i c a l ,  fa t igue-marked,  
A4 2021-T81 welded specimen. 

Surface-f lawed specimens were n o t  i n t e n t i o n a l l y  cyc led  t o  
f a i l u r e .  Had w e  a t tempted  t o  induce f r a c t u r e s  a t  s t r e s s e s  below 
the  y i e l d  s t r e n g t h ,  t he  end of t h e  semiminor c rack  a x i s  would have 
been s o  c l o s e  t o  t h e  back f ace  t h a t  t h e  s t ress  i n t e n s i t y  would be 
meaningless.  

2. Cyrogenica l ly  S t r e t c h e d  Type 301 S t a i n l e s s  S t e e l  

Surface-cracked specimens w e r e  t e s t e d  t o  de te rmine  t h e  crack- 
growth rates f o r  p a r e n t - m e t a l  and welded specimens.  The d a t a  from 
t h e s e  tests (see P ig .  VI-20) show t h a t ,  a t  70 and -326"F, c r acks  
i n  welded material grew a t  a f a s t e r  ra te  than  those  i n  p a r e n t  
material  (compared a t  t h e  same stress i n t e n s i t y ) .  However, a t  
-423"F, no d i f f e r e n c e  i n  t h e  c rack  growth rates was observed.  
This  behavior  i s  unders tandable  s i n c e  t h e  welded material  e x h i b i t s  
a lower K than  t h e  p a r e n t  metal. The re fo re ,  f o r  a g iven  stress 

I C  

i n t e n s i t y ,  t h e  K /K r a t i o  would be  h i g h e r  f o r  welded m a t e r i a l .  I i  IC 
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D, SUSTAINED-LOAD FLAW-ENLARGEMENT TESTS 

These tests were performed to determine the minimum stress in- 
tensity that would produce subcritical flaw growth in the various 
alloy specimens to show the effects of temperature, weldment con- 
dition, defect location, and environment. In general, three spec- 
imens were used to bracket the threshold level, but in some cases, 
it was necessary to use extra specimens. Because time and funds 
did not permit us to confirm the exact levels, these data are only 
approximate. 

1. Aluminum Alloys 

a. Parent-Metal Tests/Effect of Temperature* 

The threshold data for AR 2021-T81 and A2 X7007-T6 are 
summarized in the following table. 

Detailed data showing the behavior found for each specimen 
tested are given in the following table. 

* This work was performed as part of Task 11. 
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Aluminum 
A1 1 oy 

2021-T81 
202 1 -T8 1 
2021 -T8 1 
2021 -T8 1 
2021-T81 
2021 -T81 
20 21 -T81 
2021-T81 
2021-T81 
2021 -T81 
2021-T81 
2021 -T8 1 

X7007 -T6 
X7007 -T6 
X7007 -T6 
X7007 -T6 
X7007 -T6 
X7007 -T6 
X7007 -T6 
X7007 -T6 
X7007 -T6 
X7007 -T6 
X7007 -T6 
X7007 -T6 

remper a t  ur e 
(OF) 

70 
70 
70 
70 

-320 
-3 20 
-320 
-320 
-423 
-423 
-423 
-423 

70 
70 
70 
70 
70 

-3 20 
-320 
-320 
-320 
-3 20 
-423 
-423 

St re s s - I n t  ens it  y 

KIi /KIc Rat i o ,  

0.77 
0.77 
0.82 
0.83 
0.73 
0.82 
0.82 
0.88 
0.76 
0.79 
0.90 
0.91 

0.36 
0.48 
0.53 
0.64 
0.71 
0.73 
0.82 
0.96 
1.04 
1.07 
0.71 
0.80 

; r ack  
Growth 

No 
No 
Yes 
Yes 
No 
No 
Yes 
Yes 
Yes>\ 
Yes 
Yes 
Yes 

No 
Yes+ 
Yes+ 
Yes 
Yes 
No 
Yes 
Yes 
Yes 
Yes 
No 
Yes 

-1. "Very s l i g h t  a 

+ S l i g h t .  
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The data for AE 2021-T81 are typical of aluminum alloys 
in an inert environment. X7007-T6 has a very low threshold at 
room temperature, but at cryogenic temperatures, the threshold 
level is more typical. 

b. Welded Metal Tests/Effect of Temperature* 

The threshold data for welded specimens of both aluminum 
alloys are summarized below. 

0.50 < %H/KIc < 0.62 

Detailed data showing the behavior found for each specimen 
tested are given in the following table. 

A1 um inum 
Alloy 

2021 -T81 
2021 -T8 1 
2021-T81 
2021-T81 
2021-T81 
2021-T81 
2021-T81 
2021 -T81 
2021 -T8 1 
2021 -T81 
2021-T81 

X7007 -T6 
X7007 -T6 
X7007 -T6 
X7007 -T6 
X7007 -T6 
X7007 -T6 
X7007 -T6 
X7007 -T6 
X7007 -T6 
X7 007 -T6 
X7007 -T6 

Temperature 

70 
70 
70 
70 
70 

-320 
-3 20 
-3 20 
-423 
-423 
-423 

( O F )  

70 
70 
70 
70 
70 
70 

-320 
-320 
-320 
-423 
-423 

Very slight. it 

Stress-Intensity 
Rat io, KIi/KIc 

0.50 
0.58 
0.61 
0.63 
0.65 
0.62 
0.69 
0.73 
0.69 
0.72 
0.79 

0.81 
0.85 
0.90 
0.90 
0.91 
1.01 
0.59 
0.74 
0.79 
0.50 
0,62 

Crack 
Growth 

No 
Yesik 
No 
Yes 
Yes 
No 
Yes 
Yes 
No 
Yes 
Yes 

No 
No 
Yes 
Yes 
Yes 
Yes 
No 
Ye 5 
Yes 
NO 
Yes* 

__pI_R_. 

*This work was performed as part of Task 111. 
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The data suggest that welded AQ 2021-T81 has a rather low 
threshold at room temperature with a slight increase at cryogenic 
temperatures. 

The data for welded AQ X7007-T6 specimens are more difficult 
to interpret. Examinations of the surfaces showed that the fatigue 
precrack was not smooth and that the surface was faceted with numer- 
ous cracks (see Fig. VI-21). In addition, the crack front was 
usually quite irregular, which made it extremely diffcult to tell 
whether crack growth had occurred. A s  a result, we feel that the 
stress intensity could not be calculated accurately. 

c. Welded-Metal Tests/Effect of Welding Parameters* 

Data for both alloys are summarized in Table VI-8. Detailed 
data are contained in Appendix Tables A-6 and A-7. 

The 2021-T81 composition exhibited satisfactory threshold 
levels. Although the threshold levels could not be precisely deter- 
mined with the minimal level of testing performed, a good deal of 
very valuable information was obtained. 

In many cases the 2021-T81 alloy exhibited localized growth. 
Figure VI-22 shows a typical fracture face for a welded plus aged 
weld centerline specimen where the growth was localized at the in- 
tersection of the surface weld pass with the second penetration 
pass. This localized growth occasionally made detection of the 
threshold level rather difficult. When growth is uniform, detec- 
tion of the threshold is greatly simplified. Figure VI-23 shows 
the three specimens of the overheated (OW), weld centerline (WC) 
series. In this photo, the slim band between the initial fatigue 
precrack and the posttest fatigue zone is the sustaned load growth. 
In the third specimen, no differentiation between the initial and 
final fatigue zone can determined. 

Evaluation of the X7007-T6 welds was quite difficult be- 
cause of the unusual shear faceting that makes it difficult to 
identify sustained load growth as different from fatigue extension. 
The weld centerline clearly exhibited the lowest threshold. The 
lowest threshold level was for the as-welded (AW) condition. Fig- 
ure VI-24 shows extensive growth in a specimen tested at 29 ksi 
&. The OW and weld repaired (WR) conditions that exhibited re- 
duced critical stress intensities in the surface flawed tests had 
a higher threshold than the tougher AW condition. 

*This work was performed as part of Task VI. 
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Fig. VI-21 Fracture Surface of Sustained-Load, Welded X7007-T6 Specimen 
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Alloy 

0 2 1-T8 1 

:7007-T6 

Legend : 

Table VI-8 Summary of Sus ta ined  Load Flaw Enlargement 
T e s t s  f o r  Weld Specimens i n  A i r  

deldment 
:ondi t i o n  

WA 

WA 

WA 

ow 

WRA 

WRA 

WRA 

AW 

AW 

AW 

ow 

WR 

WR 

WR 

) e f e c t  
,oca t i o n  

wc 

FL 

HAZ 

wc 

wc 

FL 

HAZ 

wc 

FL 

HAZ 

wc 

wc 

FL 

HA2 

WA Welded p l u s  aged 
WC Weld c e n t e r l i n e  
OW Overheated Weld 

Threshold Level, 

%/KIc or K~~ 

0.60 < I(TH/KIc < 0.69 

0.50 < KTH/KIc < 0.58 

0.58 < KTH/KIc < 0.70 

0.67 < KTH/KLc < 0.77 

0 .73  < KTH/KIc < 0.80 

0.76 < KTH /K < 0:89 

n, 11-12 k s i  6. K~~ - 

KTH < 11 k s i  6. 

16 < KTH < 3 1  k s i  &. 

18 < KTH < 20 k s i  6. 

KTH << 18 

1 6  < KTH < 20 k s i  &. 

sH < 12 k s i  6. 

Comments 

Localized Growth 

Jniform growth 

Uniform growth 

Uniform growth 

Localized growth 
not as e x t e n s i v e  
a s  WA/WC 

Local ized growth, 
very small amount 

Uniform growth, 
tendency f o r  l a m -  
inar cracking  

Much s h e a r  f a c e t i n g ;  
;;tk:p'hzowth a t  

Very i r r e g u l a r  
growth; one specimen 
had d e f e c t  oupside FL 
reg ion .  

Growth uniform along 
c r a c k  f r o n t ;  zenerally 
s l i g h t  growth 

Growth s i  n i f i c a n t  a t  

probably s i g n i f i c a n t l y  
lower. 

Uniform growth a t  
h i g h e r  stress in ten-  
s i t ies  

Very s l i  h t  growth a t  
1 2  k s i  k.; KTH 
probably v e r y  c l o s e  t c  
1 2  k s i  6. 
Growth above 
uniform 

18 k s i  $. i n ;  t h r e s h o l d  

KTH 

HA2 Heat-affected zone AW As-welded 
FL Fusion l i n e  WR Repaired 
WRA Repaired weld p l u s  aged weld 



VI-42 

Fig. VI-22 F rac tu re  Face of AR 2021-T81 Compact 
Tension Specimen Showing Local ized 
Growth dur ing  Sustagned Load Exposure 

Fig.  VI-23 Frac tu re  Face of Three AR 2021-T81 Compact 
Tension Specimens Showing No Growth ( l e f t )  
and S l i g h t  Growth ( cen te r  and r i g h t )  during 
Sus ta ined  Load Exposure 
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Fig.  VI-24 F rac tu re  Face of AR X7007-T6 Compact 
Tension Specimen Showing Faceted 
Appearance and Area of Extensive 
Sustained Load Crack Growth 

Fig.  VI-25 F rac tu re  Face of AR X7007-T6 Compact 
Tension Specimen Showing Sustained Load 
Crack Growth along E n t i r e  Crack Front  
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We ldmen t 

Condition 

The fusion line tests showed improved threshold levels 
compared to the weld centerline. Based on the amount of growth, 
it is estimated that the AW level was close to 16 ksi &. The 
weld repaired condition exhibited a level closer to 12 ksi 6. 

Threshold Level , KTH/KIc 

Air I Salt 

The heat affected zone tests clearly showed that this re- 
gion exhibited the highest threshold data. Weldment condition had 
little effect on the threshold level. 
frature face exhibiting slow growth along the entire crack front. 

Figure VI-25 shows a typical 

< 0.67 0.60 < %dKIc 

0.67 < 0.77 

d. Welded-Metal Tests/Effect of Corrosive Environment* 

0.40 < KTH /K I r: < 0.45 

0.54 < KTH/KIc < 0.62 

Tests to show the effect of a deleterious environment were 
performed in a 3 1 / 2 %  NaCR solution. 
alloys are summarized in Table VI-9. Detailed data are presented 
in Appendix Tables A-8 and A-9. 

Experimental data for both 

The 2021-T81 composition appeared to exhibit a decrease in 
threshold that was most sinificant for the weld centerline region, 
as shown in the following tabulation. 

WA 

ow 

In the fusion line tests, no decrease in threshold was 
found for the welded plus aged condition. A significant decrease 
was noted for the weld repaired and aged condition. 

Heat affected zone tests exhibited no decrease in threshold 
due to the corrosive environment. 

The X7007-T6 showed a significant reduction threshold for 
the weld centerline condition. In the as-welded material, where 
the air test showed very slight growth at 11 ksi G, the salt 
tests showed extensive growth at 12 ksi F, thereby suggesting 
the threshold level was actually much lower. For the other two 
conditions, OW and WR, threshold levels also decreased significantly. 

*This work was performed as part of Task VI. 
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Table VI-9 Summary of Sustained Load Flaw Enlargement 
Tests for Welded Specimens in 3-1/2% NaCl Solution 

Alloy 

2021-T81 

X7007-T6 

We 1 dmen t 
Condition 

WA 

WA 

WA 

ow 
WRA 

WRA 

WRA 

AW 

AW 

AW 

ow 

WR 

WR 

WR 

Defect 
Location 

wc 

FL 

HAZ 

wc 
wc 
FL 

HAZ 

wc 

FL 

HAZ 

wc 

wc 
FL 

HA2 

Threshold Level, 

%HIKIc Or %H 

0.50 < KTH/KIc < 0.58 

0.58 < KTH /K 
0.54 < KTH /K 

< 0.70 

< 0.62 

< 0.63 

0.50 < YrH/KIc < 0.59 

KTH/KIc 

PI, 12-13 ksi I&, %Ll- 

<< 12 ksi Ge K~~ 

< 11 ksi &. 
> 15 ksi &e 

< 11 ksi &+ 

YrH 

K~~ 

KTH 

< 12 ksi 6. < %H 

Comments 

Generally uniform 
growth along crack 
front 

Generally uniform 
growth along crack 
front 

Localized growth 

Localized growth 

Extensive growth at 
12 ksi 6. 
Local growth 

No growth detected 

All specimens ex- 
hib i t ed extensive 
local growth 

Local growth 

Local growth, very 
limited rowth at 
20 ksi ?- in. 

WA Welded plus aged HAZ Heat-affected zone AW As-welded 
WC Weld centerline OW Overheated weld WR Repaired weld 
FL Fusion lined 
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In the fusion line area, a significant decrease in threshold 
occurred for the as-welded condition and to a lesser degree for the 
WR tests a 

The heat affected zone region that showed the least effect 
of weldment condition also showed the least affect of corrosive en- 
vironment. 

2.  Type 301 Stainless Steel 

a. Parent Metal Tests 

The threshold data for cryogenically-stretched Type 3 0 1  
stainless steel specimens are summarized in the following table. 

Threshold Level, K 

Detailed data showing the behavior found for each specimen 
test are given in the following table. 

Temperature 
(OF) 

7 0  
7 0  
7 0  
7 0  

-320 
-320 
-320 
-320 
-423 
-423 
-423 

Stress-Intensity 
Ratio, 

0.67 
0 .79  
0.80 
0.88 
0 .42  
0 .46  
0.58 
0 .68  
0.55 
0.65 
0 .76  

Crack 
Growth 

No 
Yes* 
Yes* 
Yes 
No 
No 
No 
Yes* 
No 
Yes 
Yes 
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The t h r e s h o l d  level  a t  70°F i s  probably  c l o s e  t o  t h e  up- 
p e r - l i m i t  v a l u e  s i n c e  t h e  amount of c r ack  growth a t  v a l u e s  of 0.79 
and 0.80 w a s  s l i g h t .  The c ryogenic  t h r e s h o l d  l e v e l s  are approxi-  
mate ly  60% of t h e  c i r t i c a l  stress i n t e n s i t y .  

b .  Welded Metal Tests 

The t h r e s h o l d  d a t a  f o r  welded Type 301 s t a i n l e s s  s teel  
specimens are sumarized below. 

D e t a i l e d  d a t a  showing t h e  behav io r  found f o r  each specimen 
tes t  are g iven  i n  t h e  fo l lowing  t a b l e .  

T ebnp era t u r e  
(OF) 

70 
70 
70 

-320 
-320 
-320 
-423 
-423 
-423 
-423 

* S l i g h t .  
+ F a i l e d .  

S t r e s s - I n t e n s i t y  
Ra t io  , KIi / KIc 

0.58 
0.64 
0.77 
0.72 
0.88 
0.90 
0.65 
0 .72  
0.79 
0.91 

Crack 
Growth 

No 
Yes 
Yes 
No 
No 
Yes 
No 
Yes,\ 
Yes 
Yesf 

A t  room t empera tu re ,  t h e  t h r e s h o l d  leve l  f o r  t h e  welded spec i -  
mens appears  t o  be s l i g h t l y  lower than  t h a t  f o r  t h e  p a r e n t  m e t a l ,  
which i s  n o t  s u r p r i s i n g .  The c ryogenic  behavior  i s  somewhat con- 
f u s i n g  as a r e s u l t  of t h e  r a t h e r  h i g h  level i n d i c a t e d  a t  -320°F.  
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Alloy 

AR 2021-T81 

AR- X7007-T6 

AR 2014-T6 

AR 2219-T87 

AR 7075-T6 

E. CORROSION TESTS* 

Appendix Table 

A-10 

A-11 

A-12 

A-13 

A-14 

Aluminum a l l o y  c o r r o s i o n  test d a t a  are p r e s e n t e d  i n  Appendix 
A. Table i t e m i z a t i o n  i s  g iven  by t h e  fo l lowing  guide:  

A summary of  t h e  behav io r  of g e n e r a l  and stress c o r r o s i o n  test  
r e s u l t s  is  g iven  i n  Table V I - 1 O . t -  The t a b l e  shows t h a t  t h e  Kure 
Beach s e a c o a s t  exposure w a s  less severe than  t h e  l a b o r a t o r y  expo- 
s u r e .  The 90-day Kure Beach exposure w a s  i n s u f f i c i e n t  t o  show 
stress c o r r o s i o n  i n  t h e  7075 a l l o y  used as a c o n t r o l .  Although a 
minimum exposure  of 180 days a t  Kure Beach would have been pre- 
f e r r e d ,  i n s u f f i c i e n t  t i m e  was a v a i l a b l e  du r ing  t h e  c o n t r a c t  f o r  
t h a t  exposure p e r i o d .  
t h e  l a b o r a t o r y  exposure (30 days) w a s  more severe than  t h e  90-day 
s e a c o a s t  exposure  (Fig.  VI-26). This i s  n o t  s u r p r i s i n g  s i n c e  t h e  
l a b o r a t o r y  exposure  is cons idered  t o  be e q u i v a l e n t  t o  5 t o  6 t i m e s  
t h e  s t a n d a r d  s e a c o a s t  exposure ,  and, t h e r e f o r e ,  t h e  30-day expo- 
s u r e  i s  e q u i v a l e n t  t o  a lmost  t w i c e  t h e  Kure Beach exposure.  

The s u r f a c e  c o r r o s i o n  e f f e c t  r e s u l t i n g  from 

The 2021 a l l o y  e x h i b i t e d  an improved c o r r o s i o n  r e s i s t a n c e  i n  
t h e  welded p l u s  aged c o n d i t i o n  compared t o  t h e  as-welded material ,  
as determined by l a b o r a t o r y  tests.  No stress c o r r o s i o n  c r a c k i n g  
w a s  found i n  e i t h e r  c a s e ;  however, t h e  as-welded material e x h i b i t e d  
a g r e a t e r  tendency toward i n t e r g r a n u l a r  a t t a c k ,  p a r t i c u l a r l y  i n  
t h e  f u s i o n  l i n e  and h e a t - a f f e c t e d  zone areas. Shallow stress cor- 
r o s i o n  c r a c k i n g  w a s  found i n  t h e  h e a t - a f f e c t e d  zone of t h e  over- 
h e a t e d ,  overhea ted  p l u s  aged, and r e p a i r e d  weld specimens t e s t e d  
i n  t h e  l a b o r a t o r y  environment.  

*Data p r e s e n t e d  i n  t h i s  s e c t i o n  w a s  ob ta ined  i n  Task V I 1  test- 

*General c o r r o s i o n  t e s t i n g  i n  t h e  l a b o r a t o r y  used t h e  20% sa l t  

i n g .  

fog  method. Stress c o r r o s i o n  t e s t i n g  i n  t h e  l a b o r a t o r y  used a l te r -  
n a t e  immersion i n  3% NaCR s o l u t i o n  
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Table  V I - 1 0  Summary of Aluminum Corros ion  T e s t  R e s u l t s  

Alloy 

2021-T81 

X700 7-T6 

2014-T6 

22 19-T87 

7075-T6 

2ondi t i o n  

PM 

AW 

WA 

ow 
OWA 

WR 

W R A  

PM 

AW 

ow 
WR 

PM 

AW 

ow 
WR 

PM 

AW 

WR 

PM 

Labora tory  Exposure 

Gener a1 
2 0  r r o s  i o n  

L 

L 

L 

M 

L 

L 

L 

L 

L 

L 

L 

M 

M 

L-D 

L 

L 

L 

L 

Stress 
:orros  i o n  

N 
N 
N 

s 
s (HAZ) 
s (mz) 
N 

N 
N 
N 

N 

N 

I 

N 

N 

N 
N 
N 

N 

Kure Beach Exposure 

General 
:orrosion 

L 

L 

L 

M 

L 

L 

L 

L 

L 

L 

L 

L 

L 

L 

L 

L 

L 

L 

L 

~ 

Stress 
Corros ion  

N 
N 
N 
N 
N 
N 
N 

N 

N 
N 
N 

N 
N 
N 
N 

N 
N 
N 

N 

Legend : 

PM Par  en t m e t  a1 
AW As-welde d 
WA Welded p l u s  aged 
ow Overheated weld 
OWA Overheated weld p l u s  

aged 
WR Repaired weld 
W R A  Repai red  weld p l u s  

aged 

L L i g h t  s u r f a c e  p i t t i n g  
M Moderate s u r f a c e  p i t t i n g  
D Deep s u r f a c e  p i t t i n g  o r  

stress c o r r o s i o n  crack-  
i n  g 

N No stress c o r r o s i o n  
S Shallow stress c o r r o s i o n  
I In t e rmed ia t e  stress cor -  

r o s i o n  
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F ig .  VI-26 S e c t i o n s  from S t r e s s  Corros ion  Specimens Tes ted  a t  
Kure Beach ( l e f t )  and Labora tory  Exposure ( r i g h t )  
Showing D i f f e r e n c e  i n  Sur face  Attack 
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No evidence  of stress c o r r o s i o n  c r a c k i n g  w a s  found d u r i n g  
examination of  t h e  specimens exposed a t  Kure Beach. 

Al loy  X7007 e x h i b i t e d  l i g h t  s u r f a c e  p i t t i n g  i n  t h e  g e n e r a l  
c o r r o s i o n  tests. No ev idence  of stress c o r r o s i o n  c rack ing  w a s  
found f o r  e i t h e r  exposure  c o n d i t i o n .  It is  q u i t e  probable  t h a t  
a longe r  t i m e  of exposure  would have i n d i c a t e d  severe a t t a c k  once 
i n i t i a t i o n  had occur red .  This behav io r  i s  n o t  s u r p r i s i n g  because  
t h e  s t i r face  oxide  i s  q u i t e  d i f f e r e n t  from t h a t  of 2000 series al-  
l o y s  and i n i t i a l l y  is q u i t e  r e s i s t a n t  t o  a t t a c k .  

The 2014-T6 composition showed t h e  a n t i c i p a t e d  behav io r .  
General  c o r r o s i o n  tests e x h i b i t e d  l i g h t  s u r f a c e  p i t t i n g .  Under 
stress, p i t t i n g  i n c r e a s e d  s i g n i f i c a n t l y  and stress c o r r o s i o n  
c r a c k i n g  w a s  d e t e c t e d  i n  s e v e r a l  ca ses .  

The behav io r  of a l l o y  2219-T87 w a s  a l s o  t y p i c a l .  L ight  s u r -  
f a c e  p i t t i n g  w a s  found; no stress c o r r o s i o n  c rack ing  w a s  observed. 

Pa ren t  metal 7075-T6 a l l o y  e x h i b i t e d  no stress c o r r o s i o n  
c r a c k i n g  and l i g h t  s u r f a c e  p i t t i n g .  

In  a d d i t i o n  t o  t h e  e f f e c t  of exposure t i m e ,  a n o t h e r  f a c t o r  
must be  cons ide red  t o  account f o r  t h e  r a t h e r  i n s i g n i f i c a n t  cor- 
r o s i o n  e f f e c t s .  Th i s  is  g r a i n  d i r e c t i o n ;  a l though t h e  "bacon 
sl ice" s e c t i o n i n g  technique  exposes s h o r t  t r a n s v e r s e  material, 
t h e  stress i s  a c t u a l l y  a p p l i e d  i n  t h e  long t r a n s v e r s e  d i r e c t i o n .  
It is  w e l l  known t h a t  stress c o r r o s i o n  r e s i s t a n c e  is  cons ide rab ly  
g r e a t e r  i n  t h e  long  t r a n s v e r s e  d i r e c t i o n .  
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VII. DATA COMPARISON, CONCLUSIONS3 AND RECOMMENDATIONS FOR FUTURE 
WORK 

This chapter compares the experimental data for AR X7007-T6, 
AR 2021-T81, and Type 301 stainless steel obtained during this 
program with data for materials currently used in liquid propel- 
lant systems, discusses the overall suitability of these new com- 
positions for potential applications, and presents recommendations 
for additional work, based on the present state of behavioral 
knowledge. 

A. MECHANICAL PROPERTIES 

The AR 2021-T81 and AR X7007-T6 alloys were developed as high- 
strength, cryogenic alloys. A comparison of the parent-metal 
strength properties of these two alloys with those of the currently- 
used high-strength compositions (see Fig. VII-1) illustrates that 
AR 2021-T81 and AR X7007-T6 are slightly stronger. The data for 
the high-strength compositions now in use are taken from the Cry- 
ogenic Materials Data Handbook (Ref 9) and represent typical prop- 
erties for a variety of gages, and therefore may not clearly show 
the superiority of the two new alloys, since the inclusion of sheet- 
gage property data in the typical properties presumably raises the 
average value. Actually the room temperature strength of the l-inch 
thick 2014-T6 plate was greater than that of both heats of the 2021- 
T81 alloy. 

The weld strengths of AR 2021-T81 and A% X7007-T6 appear to be 
at least as high as those of the currently-used high-strength 
alloys. 

As a candidate for high-strength applications, cryogenically- 
stretched Type 301 stainless steel can best be compared to titanium 
alloys. For cryogenic service, the only titanium alloys that can 
be considered are 5AR-2.5Sn (ELI) and 6AR-4V (ELI, annealed) ti- 
tanium. As shown in Fig. VII-2, the stainless steel is signifi- 
cantly stronger than the titanium alloys. However, on a strenth- 
density basis, the stainless steel is comparable only with the 
6AR-4V titanium and only at 70°F; below room temperature, the ti- 
tanium is clearly superior. The strength-density value for the 
stainless steel in the cryogenic range is slightly lower than that 
of the 5AR-2.5Sn composition. 
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The weld-joint efficiency for the stainless steel, 95%, is 
approximately that obtained using titanium alloys. Therefore, the 
strength of the various welded specimens will exhibit the same re- 
lationship as that shown for the various parent-metal specimens. 

The rather peculiar behavior of Poisson's ratio of aluminum 
and stainless steel as a function of temperature (i.e.7 the sharp 
increase between -320 and -423"F)* was also noted by Boeing during 
an investigation of deep flaws in thin-walled 2219-T87 aluminum 
alloy and 5AR-2.5Sn titanium tanks (Ref ll)e Although no logical 
explanation for this behavior is apparent, two independent inves- 
tigations have shown similar behavioral trends. 

B. STATIC FRACTURE TOUGHNESS 

The comparison of the static fracture-toughness of the two 
candidate aluminum alloys with that of those alloys now in use 
must be a qualitative one because the bulk of our parent-metal 
tests and those reported in the literature were made using dif- 
ferent types of specimens. 

The static fracture-toughness of parent-metal 2021-T81 is 
similar to that of other 2000-series compositions, such as 2014- 
T6 and 2219-T87. The significant increase in toughness with de- 
creasing temperature found for the as-welded 2021-T81 alloy is 
similar to that noted by Hall (Ref 8) for 2014-T6, and somewhat 
greater than observed for 2219-T87 (Ref 7 and 11). 

It is difficult to compare the static fracture toughness of 
parent-metal specimens of X7007-T6 with that of other aluminum 
alloys because only compact-tension-specimen data were obtained. 
However, it appears that the room-temperature toughness is at 
least comparable with that of the 2000-series alloys. Unlike the 
2000-series alloys, however, the toughness of the X7007-T6 com- 
position decreases with decreasing temperature. 

The static fracture toughness of welded 2021-T81 clearly shows 
that aging of a normal weld is beneficial. Slow crack extension 
occurs in the fusion line and heat affected zone regions of this 
composition, as well as X7007-T6 and 2014-T6. The highest toughness 
region of the 2021 weld is the heat affected zone; toughness of the 
fusion line and weld centerline were quite similar and up to 1 / 3  
lower than the heat affected zone. 

*See interim report for detailed data. 
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The static facture toughness of the welded X7007-T6 is extreme- 
ly high (more than 40 ksi g.) at 70"F, but decreases sharply as 
the temperature decreases. However, even at -423"F, the X7007 is 
still tough enough to be considered a candidate composition. 
repairing was not deleterious; overheating during weld did decrease 
toughness, but the resultant level was still quite high. Defect 
location had little effect on toughness. Slow crack growth was 
found for most weld centerline tests, in addition to that already 
noted for the other defect locations. 

Weld 

Tests performed on 2014-T6 for comparison purposes clearly 
showed the superior toughness of both 2021-T81 and X7007-T6. 

The parent-metal stainless steel exhibits tough behavior at 
70°F. According to the ASTM recommendations for the thickness 
required to obtain valid plane-strain fracture-toughness data, 
our room-temperature specimens were not sufficiently thick. How- 
ever, there is no doubt that the apparent toughness, more than 
100 ksi G., is outstanding for such high-strength material. By 
comparison with titanium, we found that the toughness of the parent- 
metal 301 stainless steel is below that of 5AR-2.5Sn (ELI) titanium, 
but above that of 6AR-4V (ELI) titanium. As noted earlier, al- 
though the toughness of 301 stainless steel decreases markedly with 
temperature reductions, its toughness at -423°F is remarkably high, 
considering that its strength is about 350 ksi. This toughness at 
-423°F is comparable to that of 6AR-4V (solution-treated and aged) 
titanium at ambient temperature. The welded specimens of 301 stain- 
less showed less fracture toughness than we had expected. Although 
as-welded 6AR-4V (ELI) titanium exhibits a lower fracture toughness 
efficiency (ratio of parent-metal/welded fracture toughness) than 
the 301 stainless steel (Ref 9) ,  the titanium can be stress-relieved 
to increase the efficiency to a level higher than that of the stain- 
less steel. The limited data available on the fracture toughness 
of welded 5AR-2.5Sn (ELI) titanium (Ref 8 )  indicate that its ef- 
ficiency ratio exceeds unity even down to cryogenic temperatures. 
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C . CYCLIC -LOAD FLAW ENLARGEMENT 

I n  any a n a l y s i s  of c y c l i c  crack-growth d a t a ,  one of t h e  f i r s t  
c o n s i d e r a t i o n s  t o  be made i s  whether the  d a t a  t r u l y  fo l low a 
power-function r e l a t i o n s h i p .  For the  p l a n e - s t r e s s  c o n d i t i o n ,  
u s ing  through-cracked specimens , P a r i s  (Ref 13)  h a s  shown t h a t  
the behavior  can be c h a r a c t e r i z e d  by the  e q u a t i o n  

da 
dN 
-- = c nK", 

where : 

- -  da - the c y c l i c  crack-growth r a t e ;  
dN 

C = a c o e f f i c i e n t  t h a t  t akes  i n t o  e f f e c t  m a t e r i a l  and con- 
d i t i o n ,  s t r e s s  r a t i o ,  l oad ing  c o n d i t i o n s ,  e t c ;  

AK = the  d i f f e r e n c e  between the  maximum and minimum s t r e s s  
t h a t  occur  du r ing  a load ing  (Kmax - Kmin) i n  t e n s  i t  i e s  

c y c l e .  

The exponent n w a s  found t o  b e  approximately e q u a l  t o  f o u r  
f o r  a v a r i e t y  of m a t e r i a l s .  However, r e c e n t  work seems t o  ques -  
t i o n  the  v a l l d i t y  of  the  f u n c t i o n a l  r e l a t i o n s h i p ,  and p a r t i c u -  
l a r l y  t h e  va lue  commonly accep ted .  

An e v a l u a t i o n  of o u r  l i m i t e d  d a t a  showed a wide v a r i a t i o n  of 
t h e  exponent n.  Our v a l u e s  v a r i e d  from approximately three t o  
10. Other  d a t a  f o r  surface-f lawed specimens,  such as those  re- 
po r t ed  by H a l l  (Ref 8) showed a s imilar  v a r i a t i o n  i n  t h e  v a l u e  
of n .  However, h i s  p r e d i c t i o n s  of cyc l i c - load  f law enlargement 
behavior  were based on t h e  assumption t h a t  n 2 4 d i d  t y p i f y  t h e  
expe r imen ta l  d a t a .  

Since the amount of d a t a  gene ra t ed  i n  t h i s  program and t h a t  
a v a i l a b l e  from previous work were too  l i m i t e d  t o  c o n f i d e n t l y  e s -  
t a b l i s h  the  power-function r e l a t i o n s h i p ,  we decided t o  compare 
the c y c l i c - l o a d  flaw-enlargement behav io r  o f  the t h r e e  materials 
s t u d i e d  i n  t h i s  program w i t h  t h a t  of o t h e r  m a t e r i a l s  on a g r a p h i c a l  
b a s i s .  The behavior  of 2021-T81 and X7007-T6 was compared w i t h  
t h a t  of 2219 and 2014, and the  behavior  of h i g h - s t r e n g t h ,  c ryo -  
s t r e t c h e d  301 s t a i n l e s s  s t e e l  w a s  compared wi th  t h a t  of 6A.f?-4V 
and 5AJ-2.5Sn t i t a n i u m  a l l o y s ,  
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A comparis ion of t he  d a t a  a v a i l a b l e  f o r  parent -meta l  aluminum 
w i t h  our d a t a  w a s  made d i f f i c u l t  by the  f a c t  t h a t  sur face- f lawed 
specimens were used by o t h e r  r e s e a r c h e r s ,  whereas our  t e s t s  were 
performed us ing  compact- tension specimens.  F igure  VII-3 shows 
t h a t  t h e r e  i s  a similar crack-growth tendency f o r  sur face- f lawed 
specimens , b u t  a s i g n i f i c a n t l y  lower tendency toward c r a c k  growth 
f o r  compact- tension specimens,  as evidenced by the  g r e a t e r  s l o p e .  
However, s i n c e  t h e  d i r e c t i o n  of c r a c k  growth i s  d i f f e r e n t  f o r  t h e  
two types of specimens w e  f e e l  t h a t  t h e r e  i s  no rea l  b a s i s  f o r  
compar is ion .  

On the  o t h e r  hand, a comparison can  be made f o r  t he  welded 
m a t e r i a l .  I n  t h i s  ca se ,  a l l  the  d a t a  were ob ta ined  u s i n g  similar 
sur face- f lawed specimens.  The d a t a ,  p l o t t e d  i n  F ig .  VII-4, show 
s u r p r i s i n g l y  similar behav io r .  The 70°F d a t a  a r e  i n t e r e s t i n g  t o  
n o t e :  t he  s i x  se t s  of d a t a  t h a t  are p l o t t e d  f a l l  i n t o  a r a t h e r  
narrow band. A t  -320"F, s i m i l a r  behavior  i s  noted .  

The d a t a  f o r  301 s t a i n l e s s  s t e e l  a r e  compared w i t h  a v a i l a b l e  
d a t a  f o r  t i t a n i u m  i n  F i g .  VII-5. A t  70°F, t h e  parent -meta l  301 
e x h i b i t s  t he  g r e a t e s t  r e s i s t a n c e  t o  c r a c k  growth, i . e . ,  shows the  
lowes t  crack-growth ra te  f o r  a g iven  s t ress  i n t e n s i t y .  The be-  
hav io r  of welded s t a i n l e s s  s t e e l  i s  similar t o  t h a t  f o r  6Al-4V 
E L I  (pa ren t -me ta l  and welded) t i t an ium a t  t h e  h ighe r  s t ress  i n -  
t e n s i t i e s .  The 5Al-2 S S n  (ELI )  p a r e n t  metal 'exhibi ted the  l eas t  
r e s i s t a n c e  t o  c r a c k  growth. The d a t a  compared a t  -320°F were n o t  
f o r  over lapping  s t r e s s  i n t e n s i t i e s  and a r e  n o t  e x a c t l y  comparable 
The t i t an ium curves  appear  f l a t t e r  t han  those  f o r  301 s t a i n l e s s  
s t e e l .  The -423°F data  a r e  l i m i t e d  b u t  sugges t  t h a t  t h e r e  i s  
s l i g h t l y  l e s s  c r a c k  growth f o r  t he  6A1-4V t i t a n i u m  than  f o r  the  
301 s t a i n l e s s  s t e e l .  

It appears  from the  a v a i l a b l e  d a t a  t h a t  t he  c y c l i c  growth be -  
hav io r  of the  2021-T81 and X7007-T6 i s  similar t o  t h a t  observed 
f o r  cu r ren t ly -used  aluminum a l l o y s .  The amount of c y c l i c  growth 
observed i n  the  c r y o g e n i c a l l y - s t r e t c h e d  s t a i n l e s s  s t e e l  is  similar 
i n  magnitude t o  t h a t  r e p o r t e d  f o r  t i t a n i u m  a l l o y s .  
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D . SUSTAINED-LOAD FLAW ENLARGEMENT 

The s u s t a i n e d - l o a d  flaw growth behavior  of t he  two aluminum 
a l l o y s  sc reened  i n  t h i s  program must be compared w i t h  t h a t  of 
2219-T81, t he  on ly  aluminum a l l o y  f o r  which adequate d a t a  have 
been g e n e r a t e d .  T i f f a n y  ( R e f  1 6 )  h a s  r e p o r t e d  t h a t  two d i s t i n c t  
t h re sho ld  v a l u e s  can be e s t a b l i s h e d  f o r  surface-f lawed aluminum 
a l l o y s  : a no-growth t h r e s h o l d ,  and a growth-no f a i l u r e  t h r e s h o l d  
The fol lowing t a b l e  summarizes h i s  r e s u l t s  f o r  2219-T81 p a r e n t  
me t a l .  

Temperature 
(OF) 

*Time - approximately 10 hours .  

Previous d a t a  ob ta ined  by T i f f a n y  (Ref 1 2 )  r e p o r t e d  a pa ren t -me ta l  
n o - f a i l u r e  t h r e s h o l d  a t  70°F of approximately 95%. The th re sho ld  
a t  -320'F decreased t o  l e s s  than 90%. These n o - f a i l u r e  d a t a  a r e  
i n  s u b s t a n t i a l  agreement w i t h  t h e  l a t e r  work i n  which t h e  two 
t h r e s h o l d s  were r e p o r t e d .  The n o - f a i l u r e  t h r e s h o l d s  f o r  welded 
m a t e r i a l  a t  70 and -320°F appear t o  be s l i g h t l y  ove r  80% i n  24 
h r .  No d a t a  f o r  the  no-growth t h r e s h o l d  are a v a i l a b l e .  

I n  our  t e s t s  us ing  compact-tension specimens,  only a no-growth 
t h r e s h o l d  w a s  e s t a b l i s h e d .  The re fo re ,  we can on ly  compare the  
p a r e n t  metal  on the  no-growth c r i t e r i o n .  Our comparisons of t he  
welded metal  must be more q u a l i t a t i v e .  However, s i n c e  the  e n t i r e  
comparison is  b e i n g  made us ing  d i f f e r e n t  t ypes  o f  specimens,  i t  
should be obvious t h a t  a l l  of t he  remarks w i t h  r e s p e c t  t o  th re sho ld  
a r e ,  a t  b e s t ,  q u a l i t a t i v e .  

The parent-metal  2021-T81 appea r s  t o  e x h i b i t  t h r e s h o l d  d a t a  
similar t o  those of t h e  2219-T81 a t  a l l  t empera tu res .  The X7007- 
T6 a l l o y  e x h i b i t s  a s i g n i f i c a n t l y ,  and q u i t e  d i s t u r b i n g ,  l o w  l e v e l  
f o r  the  room-temperature t h r e s h o l d .  However, a t  cryogenic  temper- 
a t u r e s ,  the  l e v e l  i s  r e s t o r e d  t o  t h a t  of 2021 and 2219. Since the  
same low t h r e s h o l d  i n  a i r  a t  room temperature  does no t  occur  a t  
cryogenic  t empera tu res ,  i t  i s  q u i t e  p o s s i b l e  t h a t  a s t r e s s  -cor - 
r o s i o n  mechanism i n  a i r  may be o p e r a t i v e .  
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Welded material showed g e n e r a l l y  lower t h r e s h o l d  va lues  than  
t h e  p a r e n t  material. With 2219 aluminum, weld ing  i s  performed 
u s i n g  parent -meta l  composition f i l l e r ,  2319, and, hence,  t h e  ob- 
s e rvance  of a s l i g h t l y  decreased  t h r e s h o l d  is  a t t r i b u t a b l e  p r i -  
m a r i l y  t o  material s t r u c t u r e  and c o n d i t i o n .  However, w i t h  t h e  
2021 and X7007, welding is performed u s i n g  d i s s i m i l a r  f i l l e r  
material, and t h e r e f o r e ,  t h r e s h o l d  behavior  is  a l s o  a f u n c t i o n  
of composition. 

The t h r e s h o l d  levels f o r  welded 2021-T81 i n  v a r i o u s  c o n d i t i o n s  
and d e f e c t  l o c a t i o n s  were g e n e r a l l y  i n  t h e  50 t o  70% range f o r  
welded p l u s  aged material. As-welded material (weld c e n t e r l i n e  
only)  e x h i b i t e d  an appa ren t  t h r e s h o l d  level s l i g h t l y  lower than 
t h e  welded p l u s  aged material. For those  c o n d i t i o n s  i n v o l v i n g  
weld repa i r  o r  ove rhea t ing ,  t h e  t h r e s h o l d  l e v e l  appeared t o  be  
s l i g h t l y  g r e a t e r  t han  t h e  welded p l u s  aged c o n d i t i o n .  

Some of t h e  t h r e s h o l d  levels are based  on very  l o c a l i z e d  growth 
behav io r .  Although t h i s  growth can b e  s i g n i f i c a n t  i n  t h e  depth 
d i r e c t i o n ,  t h e  wid th  i s  o f t e n  q u i t e  small. Tests have n o t  been 
performed f o r  s u f f i c i e n t  d u r a t i o n  t o  de te rmine  whether t h e s e  zones 
subsequent ly  become a r r e s t e d .  It appea r s  t h a t  t h e  tendency f o r  
growth is s t r o n g l y  l i n k e d  w i t h  l o c a t i o n  i n  t h e  weld,  welding pro- 
cedure,  and r e s i d u a l  stresses. There fo re ,  t h e  c h a r a c t e r i z a t i o n  of  
t h e  four -pass  weld used i n  t h i s  work does n o t  n e c e s s a r i l y  c h a r a c t e r -  
i z e  welded j o i n t s  i n  g e n e r a l .  Much a d d i t i o n a l  work w i l l  have t o  
be  performed t o  de te rmine  how welding v a r i a b l e s  a f f e c t  t h e  t h r e s h o l d  
f o r  slow c r a c k  growth under s u s t a i n e d  load ing .  

Eva lua t ion  of as-welded, weld c e n t e r l i n e  material a t  c ryogenic  
tempera ture  showed a modest i n c r e a s e  i n  t h r e s h o l d  level .  

The t h r e s h o l d  l e v e l  f o r  welded X7007-T6 p r e s e n t s  a b i t  of a 
dilemma. I n  t h e  o r i g i n a l  work d e s c r i b e d  i n  Chapter V I ,  a 
r a t h e r  h igh  t h r e s h o l d  (85-90% KIc)was found. I n  t h e  succeeding  

work on welding pa rame te r s ,  a ve ry  low t h r e s h o l d  w a s  determined. 
This  is due p a r t i a l l y  t o  t h e  g r e a t  d i f f i c u l t y  i n  i n t e r p r e t a t i o n  
of  t h e  f r a c t u r e  f a c e s  when the  f a c e t i n g  p rev ious ly  desc r ibed  oc- 
c u r s .  It i s  c u r r e n t l y  n o t  known whether t h i s  s i g n i f i c a n t  d i f f e r -  
ence i n  t h r e s h o l d  i s  a s s o c i a t e d  w i t h  t h e  d i f f i c u l t y  of i n t e r p r e t a -  
t i o n  o r  i s  a real  e f f e c t .  However, s i n c e  a g r e a t  d e a l  of t h r e s h o l d  
t e s t i n g  w a s  performed i n  t h e  second p o r t i o n  of  t h i s  program and 
g e n e r a l  agreement w a s  found i n  t h e  1 4  groups of welded X7007-T6 
specimens e v a l u a t e d ,  i t  is  l i k e l y  t h a t  t h e  i n i t i a l  work must be 
s u s p e c t  
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Threshold t e s t i n g  performed i n  3% N a C R  s o l u t i o n  c l e a r l y  
showed t h e  d e l e t e r i o u s  e f f e c t s  i n  t h e  presence  of  a s h a r p  no tch .  
I n  t h e  2021-T81 a l l o y ,  t h e  g r e a t e s t  dec rease  i n  t h r e s h o l d  was 
a s s o c i a t e d  w i t h  t h e  weld c e n t e r l i n e ;  t h e  f u s i o n  l i n e  and hea t -  
a f f e c t e d  zones showed s l i g h t l y  less of an e f f e c t .  The X7007-T6 
a l l o y  a l s o  showed t h e  g r e a t e s t  envi ronmenta l  e f f e c t  f o r  t h e  weld 
c e n t e r l i n e  and t h e  least f o r  t h e  h e a t - a f f e c t e d  zone. 

The 301 s t a i n l e s s  s tee l  e x h i b i t s  a t h r e s h o l d  leve l  that  i s  
c l e a r l y  lower than  t h a t  r e p o r t e d  f o r  t i t a n i u m  a l l o y s .  

E .  GENERAL AND STRESS CORROSION 

The l a b o r a t o r y  and Kure Beach exposure  tests showed that  t h e  
2021-T81 a l l o y  i s  no worse than  t h e  2014-T6 composi t ion c u r r e n t l y  
used f o r  aerospace  s t r u c t u r e s .  A s  expec ted ,  i t  appears  t o  be  
i n f e r i o r  t o  2219 a l l o y .  

The tests performed on t h e  X7007-T6 a l l o y  showed no ev idence  
of stress co r ros ion .  However, based  upon t h e  s i g n i f i c a n t  d e t e r i -  
o r a t i o n  o f  t h e  slow-growth t h r e s h o l d  level  i n  t h e  presence  of a 
d e l e t e r i o u s  environment ,  i t  is  probable  t h a t  t h e  stress c o r r o s i o n  
d a t a  would have showed a n  e f f e c t  du r ing  a longe r  exposure.  

F. GENERAL CONCLUSIONS 

Cons ider ing  a l l  of t h e  a v a i l a b l e  d a t a ,  i t  appears  t h a t  a l l  
t h r e e  composi t ions are worthy of f u r t h e r  c o n s i d e r a t i o n  as cand ida te s  
f o r  s t r u c t u r a l  service. The fo l lowing  paragraphs  p r e s e n t  a summary 
of t h e  behav io r  f o r  each a l l o y .  

1. AR 2021-T81 

This  composi t ion e x h i b i t s  good s t r e n g t h .  Although somewhat 
s u p e r i o r  t o  2014-T6, t h e  parent-metal  t e n s i l e  and y i e l d  s t r e n g t h s  
f o r  t h e  two h e a t s  e v a l u a t e d  i n  t h i s  s tudy  are n o t  s u f f i c i e n t l y  
g r e a t e r  t o  j u s t i f y  s e l e c t i o n  of  t h i s  a l l o y  on t h e  b a s i s  o f  s t r e n g t h  
a lone .  However, i t s  s t r e n g t h  i s  s u p e r i o r  t o  t h a t  of 2219-T87. 
The s t r e n g t h  of t h e  welded specimens are t y p i c a l  of  t hose  f o r  2000- 
series a l l o y s .  The s t a t i c  f r a c t u r e  toughness  of  t h e  p a r e n t  metal 
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i s  comparable t o  t h a t  of o t h e r  2000-series a l l o y s .  The tendency 
toward de lamina t ion  i n  t h i s  a l l o y  does n o t  have  t o  b e  c.onsidered 
a d e t r i m e n t ,  b u t  i n  f a c t  may be  v a l u a b l e  i n  reducing  t h e  tendency 
toward premature f r a c t u r e .  The f r a c t u r e  toughness i n  t h e  as-welded 
c o n d i t i o n  is  between t h a t  of 2014-T6 and 2219-T87, and s i n c e  bo th  
of t h e s e  a l l o y s  are deemed adequate  f o r  s t r u c t u r a l  service, 2021- 
T81 should  a l s o  be  s a t i s f a c t o r y .  I n  t h e  welded p l u s  aged condi- 
t i o n ,  2021-T81 e x h i b i t s  h i g h e r  toughness than i n  t h e  as-welded 
c o n d i t i o n .  However, adequate  toughness i s  developed i n  t h e  as- 
welded cond i t ion .  

Under cyc l i c - load ing  c o n d i t i o n s ,  t h e  behav io r  of 2021 is  typ i -  
ca l  of aluminum a l l o y s .  

Under s u s t a i n e d  load ing ,  t h e  t h r e s h o l d  f o r  t h e  o n s e t  of sub- 
c r i t i c a l  c r ack  growth i s  s u f f i c i e n t l y  low i n  t h e  as-welded and 
welded p l u s  aged c o n d i t i o n s  s o  t h a t  a r a t h e r  low o p e r a t i n g  stress 
i n  t h e  weld r e g i o n  would be  r e q u i r e d .  However, weld l ands  i n  t h e  
s t r u c t u r e  can compensate f o r  t h i s .  The p a r e n t  metal t h r e s h o l d  i s  
similar t o  t h a t  o f  2219 a l l o y  and q u i t e  s a t i s f a c t o r y  f o r  engineer -  
i n g  s t r u c t u r e s .  

The envi ronmenta l  effects ,  as determined by c o r r o s i o n  t e s t i n g  
and t h r e s h o l d  t e s t i n g ,  do n o t  show e f f e c t s  t h a t  appear  t o  b e  any 
more d e l e t e r i o u s  than observed f o r  2014-T6 a l l o y .  

One of t h e  key r easons  f o r  t h e  p o s s i b l e  a p p l i c a t i o n  of t h i s  
composition r evo lves  around t h e  ques t ion  of i t s  w e l d a b i l i t y .  Our 
expe r i ence  h a s  shown t h a t  2014-T6 is moderately d i f f i c u l t  t o  weld,  
and t h a t  2219-T87 i s  easier t o  weld because  i t  has  a reduced ten-  
dency toward h o t  s h o r t n e s s  c rack ing .  Although t h e  amount of weld- 
i n g  performed i n  t h i s  program w a s  i n s u f f i c i e n t  t o  e v a l u a t e  t h e  
w e l d a b i l i t y  r a t i n g  of 2021-T81, t h e r e  i s  g e n e r a l  agreement t h a t  
i t  i s  r e a d i l y  weldable .  Therefore ,  t h e  r eason  f o r  t h e  candidacy 
of 2021-T81 i s  t h a t  i t  is  easier t o  weld than  2014-T6 and much 
s t r o n g e r  than 2219-T87. Postweld ag ing  is recommended i n  o r d e r  
t o  improve i t s  s t r e s s - c o r r o s i o n  r e s i s t a n c e  b u t  is  n o t  necessa ry .  
However, postweld ag ing  i n c r e a s e s  t h e  d i f f i c u l t y  of  f a b r i c a t i o n ,  
p a r t i c u l a r l y  f o r  l a r g e  s t r u c t u r e s .  On t h e  b a s i s  of t h e  a v a i l a b l e  
d a t a ,  i t  appea r s  t h a t  as-welded 2021-T81 would be adequate  when 
postweld ag ing  is  n o t  performed. 
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2 .  AR X7007-T6 

The t e n s i l e  s t r e n g t h  of X7007-T6 i s  c l e a r l y  so  s u p e r i o r  t o  
t h a t  of o t h e r  weldable  aluminum a l l o y s  t h a t  i t  must be cons idered  
a c a n d i d a t e  f o r  s t r u c t u r a l  service. The high-yield s t r e n g t h  of 
welded j o i n t s  i s  p a r t i c u l a r l y  s i g n i f i c a n t .  The s ta t ic  f r a c t u r e  
toughness  of bo th  parent-metal  and welded material  i s  e x c e l l e n t  
a t  70°F; and d e s p i t e  t h e  normal d e c r e a s e  i n  toughness  w i t h  de- 
c r e a s i n g  tempera ture ,  t h e  level  a t  -423°F is  deemed adequa te  f o r  
s t r u c t u r a l  c o n s i d e r a t i o n .  
n o t  be troubl-esome i n  most a p p l i c a t i o n s ;  however, care should be 
t aken  t o  avoid  stresses i n  t h e  s h o r t  t r a n s v e r s e  d i r e c t i o n  s i n c e  
our  c h a r a c t e r i z a t i o n  of p r o p e r t i e s  i n  t h a t  d i r e c t i o n  has  been on ly  
f o r  t h e  unnotched t e n s i o n  specimens. 

The severe de lamina t ion  problem should 

C y c l i c  crack-growth rates appear  t o  b e  s imi l a r  t o  t h o s e  found 
f o r  o t h e r  aluminum a l l o y s .  The most s i g n i f i c a n t  handicap  f o r  
X7007 i s  i t s  g e n e r a l l y  low t h r e s h o l d  under s u s t a i n e d  load ing .  
Environmental  e f f e c t s  f u r t h e r  reduce t h r e s h o l d  stress i n t e n s i t y .  
Although our  c o r r o s i o n  tests were n o t  conc lus ive ,  t h e  t h r e s h o l d  
t es t  confirms t h e  s u s p i c i o n  t h a t  t h e  material  i s  s e n s i t i v e  t o  a 
sa l t  environment.  A s  a r e s u l t  of t h i s  envi ronmenta l  s e n s i t i v i t y ,  
i t  i s  probable  tha t  g r e a t  cau t ion  would b e  e x e r c i s e d  i n  app l i ca -  
t i o n  o f  t h i s  a l l o y .  

3. Cryogenica l ly  S t r e t c h e d  Type 301 S t a i n l e s s  Steel  

Th i s  material appears  t o  b e  an e x c e l l e n t  h igh-s t rength  candi- 
d a t e  f o r  c ryogenic  service.  The ease of f a b r i c a t i o n  and t h e  re- 
s u l t a n t  i n t e g r i t y  of t h e  f i n i s h e d  product  makes t h i s  a l l o y  very  
a t t rac t ive  f o r  aerospace  a p p l i c a t i o n s .  This  composition can b e  
cons idered  compe t i t i ve  wi th  t i t a n i u m  a l l o y s  on t h e  b a s i s  of  s t r e n g t h .  
S ince  i t s  tens i le  s t r e n g t h  can be v a r i e d  ove r  a s i g n i f i c a n t  range 
as a r e s u l t  of c ryogenic  p r e s t r e s s ,  some v e r s a t i l i t y  i n  des ign  can 
be  achieved  wi th  t h e  c r y o g e n i c a l l y  s t r e t c h e d  s tee l .  The s t a t i c  
f r a c t u r e  toughness  of t h i s  a l l o y  i s  q u i t e  o u t s t a n d i n g  a t  a l l  temper- 
a t u r e s ,  bo th  f o r  t h e  p a r e n t  metal and f o r  welded specimens.  

Its s u b c r i t i c a l  crack-growth behavior  under c y c l i c  l o a d i n g  is  
s imi l a r  t o  t h a t  observed f o r  t i t a n i u m  a l l o y s .  Under sus t a ined -  
l o a d  c o n d i t i o n s ,  c r ack  growth beg ins  a t  a lower t h r e s h o l d  r a t i o  
than  t h a t  i n  t i t a n i u m .  S ince  i t s  s t a t i c  toughness  i s  between t h a t  
of  t h e  two t i t a n i u m  cand ida te  a l l o y s ,  a n  o p e r a t i o n a l  stress based  
on t h e  threshold-proof  tes t  approach could  b e  h i g h e r  o r  lower than  
t h a t  ob ta ined  u s i n g  t i t an ium.  
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The p r i n c i p a l  q u e s t i o n  wi th  r e s p e c t  t o  a p p l i c a t i o n  of t h e  301 
s t a i n l e s s  steel is  t h a t  of  adequate  c h a r a c t e r i z a t i o n  o f  i t s  th re sh -  
o l d  behav io r  i n  a v a r i e t y  of environments.  T i tan ium w a s  cons ide red  
t o  be  an o u t s t a n d i n g  material u n t i l  premature f a i l u r e s  occur red  i n  
many environments p r e v i o u s l y  deemed t o  be n o n d e l e t e r i o u s .  A s  a re- 
s u l t ,  t i t a n i u m  a l l o y s  are now be ing  thoroughly  c h a r a c t e r i z e d  f o r  new 
environments as new a p p l i c a t i o n s  arise, Although we  expec t  aus ten-  
i t i c  s t a i n l e s s  steel  t o  e x h i b i t  e x c e l l e n t  sus t a ined - load  behav io r  
i n  many environments,  t h e  t r a n s f o r m a t i o n  p rocess ing  t a k e s  t h i s  m a t -  
e r i a l  o u t  of t h e  a u s t e n i t i c  ca t egory .  It i s  t h e r e f o r e  necessa ry  t o  
s c r u t i n i z e  t h i s  composition as w e  do f o r  m a r t e n s i t i c ,  h igh - s t r eng th ,  
p rec ip i t a t ion -ha rdened  s t a i n l e s s  steels and t o  c a r e f u l l y  e v a l u a t e  
envi ronmenta l  e f f e c t s .  

G .  RECOMMENDATIONS FOR FUTURE WORK 

The aluminum e v a l u a t i o n  has  shown t h a t  s low c r a c k  growth du r ing  
monotonic load ing  occur s  i n  welded material. It is recommended 
t h a t  a d d i t i o n a l  work be  performed t o  s t u d y  t h i s  behav io r  i n  more 
d e t a i l  and i n  o t h e r  a l l o y s  such as 2219. I n  some c a s e s ,  t h e  i n d i -  
c a t i o n s  of c r ack  e x t e n s i o n  were found a t  ve ry  low-s t r e s s  i n t e n s i -  
t ies ,  below t h e  sus t a ined - load  t h r e s h o l d .  It would b e  i n t e r e s t i n g  
t o  determine whether  e x t e n s i v e  growth would occur  under c y c l i c  load-  
i n g  c o n d i t i o n s .  The c y c l i c  work r e p o r t e d  i n  t h i s  document w a s  f o r  
weld c e n t e r l i n e  d e f e c t s ;  t h e  o b s e r v a t i o n s  of slow c r a c k  growth were 
p r i m a r i l y  found i n  t h e  f u s i o n  l i n e  and h e a t - a f f e c t e d  zone. There- 
f o r e ,  we  have n o t  s u f f i c i e n t l y  e v a l u a t e d  t h i s  e f f e c t .  ' 

The t h r e s h o l d  behav io r  of mul t ip l e -pass  welded specimens has  
r a i s e d  q u e s t i o n s  which sugges t  a d d i t i o n a l  s t u d y .  The l o c a l i z e d  
n a t u r e  of growth, t h e  s i g n i f i c a n c e  of r e s i d u a l  stresses, and t h e  
c o r r e l a t i o n  between t h r e s h o l d  d a t a  ob ta ined  from compact-tension 
specimens and sur face- f lawed specimens shou ld  b e  s t u d i e d  f u r t h e r .  

The a p p l i c a t i o n  of  c r y o g e n i c a l l y  s t r e t c h e d  301 s t a i n l e s s  s t e e l  
i n  ae rospace  service has  r a i s e d  many q u e s t i o n s  i n  r e c e n t  months. 
Most of t h e s e  d e a l  w i t h  adequate  f r a c t u r e  mechanics c h a r a c t e r i z a -  
t i o n  of  t h e  material wi th  r e s p e c t  t o  grade  (low s i l i c o n e  vs  normal 
g r a d e ) ,  thermal  c o n d i t i o n  (aged vs unaged),  s t r e n g t h  l e v e l ,  condi- 
t i o n  ( p a r e n t  metal vs aged) ,  and t h r e s h o l d  level .  The l a t t e r  i s  
p a r t i c u l a r l y  s i g n i f i c a n t .  
r i a l  because of  i t s  o u t s t a n d i n g  combination of  s t r e n g t h  and tough- 
n e s s ,  a d d i t i o n a l  c h a r a c t e r i z a t i o n  i s  i m p e r a t i v e ,  

With c o n t i n u i n g  i n t e r e s t  i n  t h i s  mate- 
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C r i t i c a l  Stress 
I n t e n s i t y  

( k s i  fi.1 

Table A-1  S t a t i c  Frac ture  Toughness Proper t ies  o f  Welded 2021-T81 Aluminum A l l o y  
(Surface-Flawed Specimen*; Room Temperature) 

Comments 

Flaw Size 

leldment ;ond i t ion  1 Locat ion  Defect  1- 
AW wc 0.455 1.41 

0.480 1.48 
0.410 1.30 -- 

I FL I E: I ;:;E 

0.303 
0.320 
0.277 

0.295 
-. 

0.420 
0.410 

0.455 
0.330 1.38 
0.420 1.29 

22.2 1.14 23.8 
21.1 1.09 23.3 
25.7 1.33 26.4 

25.4 1.23 27.0 (L8V) SCG D 10.3 k s i  fi. 

1.30 

HAZ I 0.440 I 1.36 

FL 

1 1 0.430 I 1.42 

0.435 1.36 
1.34 0.410 

0.390 1.21 
0.400 1.23 

.II 

OW I WC I 0.440 I 1.40 

0.285 

0.281 
0.266 

0.490 1.64 
0.430 I 1 0.410 1 i::: 

_.__ 
25.4 1.39 26.4 

24.2 1.33 24.1 (LBV) SCG 0 19.9 k s i  m. 
23.4 1.28 23.5 (LBV) SCG D 12.4 k s i  fi. 

0.298 
0.262 

0.321 
0.245 

0.293 
0.324 

0.278 
0.281 

0.300 
0.410 
0.440 

0.400 1.33 
0.480 1.36 

25.4 1.32 27.0 
26.8 1.39 26.7 

24.8 1.29 27.4 (LBV) SCG D 23.8 k s i  fi. 
26.3 1.37 25.4 (LBV) SCG 0 24.1 k s i  T n .  

21.8 0.88 23.0 (LBV) SCG 0 9.7 k s i  fi. 
20.7 0.84 22.9 

26.1 1.06 26.6 (LBV) SCG D 12.6 k s i  fi. 
25.8 1.04 26.0 (LBV) SCG D 24.3 k s i  fi. 

WR I WC I 0.460 I 1.37 
I 0.400 1.20 

FL 0.480 
0.360 

1.46 
1.14 

-~ 
0.231 I 33%; 1 1.55 
0.261 1.53 

0.321 I ;3:; 0.315 1.22 

-- - I 

0.297 27.6 1.14 29.3 (LBV) SCG D 20.9 k s i  r n .  
0.271 29.4 1.22 29.9 (LBV) SCG 0 11.0 k s i  fi. 
0.279 24.3 1. 25.0 (LBV) SCG D 19.3 k s i r n .  
0.276 26.0 1. 26.7 

0.295 35.8 1.43 37.9 (LBV) SCG 0 20.2 k s i  F n .  
0.302 35.4 1.42 37.9 (LBV) SCG 

0.299 I 21.7 I 1.19 I 23.2 I 
0.349 22.1 
0.316 1 24.4 I I E::: 
0.290 24.4 1.33 25.6 
0.293 I 24.3 I 1.33 I 25.7 I 

_-I-_- 

0.84 22.9 (LBV) SCG @ 15.4 k s i  G. 
1.07 30.0 (LBV) SCG D 4.4 k s i  fi. 

0.298 1.24 37.5 (LBV) SCG D 14.4 k s i  F n .  
0.298 1.20 36.1 (LEV) SCG D 10.7 k s i  fi. 

*1.0 i n .  t h i c k  x 5.75 i n .  wide (nominal) cross sec t ion ;  l o n g i t u d i n a l  d i r e c t i o n .  

Legend: 

AW As welded WC Weld c e n t e r l i n e  
WA Welded plus aged FL Fusion l i n e  
OW Overheated weld HAZ Heat-af fected zone 

WR Repaired weld SCG S u b c r i t i c a l  crack growth ( lowest  de tec tab le  l e v e l  as i n d i c a t e d )  
OWA Overheated weld plus aged LBV Lower bound va lue  

WRA Repaired weld p lus  aged 
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We1 dment 
Condition 

WA 

ow 

WRA 

Table A-4 S t a t i c  Fracture Toughness Properties of Welded 2021-T81 
Aluminum Alloy (Compact Tension Specimen,* Room Temperature] 

Defect 
Location 

wc 

FL 

HAZ 

wc 

wc 

FL 

HAZ 

Fl  aw 
3 ( i n . ;  
avg 

1.03 
0.99 
1.08 

1.04 
1.04 
1.04 

1.01 
1.05 
1.02 

0.99 
0.98 
1.01 

1.04 
1.02 
1.03 

0.99 
1.00 
1.01 

1.00 
1.02 
1.01 

* l . O  in. thick.  

Legend : 
WA Welded Plus Aged 
OW Overheated We1 d 
W R A  Repaired Weld Plus Aged 
WC Weld Centerline 
FL Fusion Line 
HAZ Heat Affected Zone 

ze 
a/W 

0.515 
0.500 
0.540 

0.520 
0.520 
0.520 

0.505 
0.525 
0.510 

0.495 
0.490 
0.505 

0.520 
0.510 
0.515 

0.495 
0.500 
0.505 

0.500 
0.510 
0.505 

it res s -In tens i ty  
Parameter, Y 

14.1 
13.5 
15.0 

14.3 
14.3 
14.3 

13.8 
14.4 
13.9 

13.5 
13.3 
13.8 

14.2 
13.9 
14.1 

13.5 
13.6 
13.8 

13.6 
13.9 
13.8 

lop-in 
Load 
(1b) 

2540 
2420 
2300 

2345 
2370 
2320 

3290 
3110 
3200 

2970 
3130 
3050 

2075 
2400 
2130 

2225 
2330 
2170 

>2005 
>2010 
>2860 

:ri t i ca l  Stress 

18.4 
16.4 
18.9 

17.5 
17.6 
17.2 

22.6 
23.2 
22.9 

20.1 
20.7 
21.4 

15.2 
17.0 
16.0 

15.2 
15.9 
15.2 

>14.1 
>14.4 
>20.4 

Commen t s  

No pop-in 
No pop-in 
No pop-in 
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We1 dmen t 
Condi t i  on 

AW 

ow 

WR 

Table A-5 Sta t i c  Fracture Toughness Properties of Welded X7007-T6 
A1 uminum A1 loy (Compact Tension Specimen ,* Room Temperature) 

Defect 
Location 

wc 

FL 

HAZ 

wc 

wc 

FL 

HAZ 

Flaw Size 
a ( i n . )  

avg 

1.02 
1.02 
1.04 

1.14 
1.01 
1.02 

0.98 

1.05 

0.99 

0.99 

0.98 

0.98 

1.05 

1.02 

1.02 

1.04 
1.06 

1.04 

1.02 
1.00 
1.00 

"1.0 in .  thick.  

Legend: 
AW As-Welded 
OW Overheated We1 d 
WR Repaired Weld 
WC Weld Centerline 
FL Fusion Line 
HAZ Heat Affected Zone 

0.510 

0.510 
0.520 

0.570 
0.505 

0.510 

0.490 

0.525 

0.495 

0.495 

0.490 

0.490 

0.525 

0.51;) 

0.510 

0.520 

0.530 

0.520 

0.510 

0.500 
0.500 

tress-Intensi  ty 
Parameter, Y 

13.9 

13.9 

14.2 

16.2 

13.8 

13.9 

13.3 

14.4 

13.5 

13.3 

13.3 
13.5 

14.4 

13.9 

13.9 

14.2 
14.6 

14.2 

13.9 

13.6 
13.6 

Pop-i n 
Load 
(1b)  

>5775 

>5120 
>5000 

>4490 
>4720 

>5240 

>3800 

>3600 

>3700 

>7400 

>7920 

>7890 

>4600 

>4850 
>4590 

>5030 
>5000 

>4800 

4380 

3850 
3780 

: r i t ical  Stress 
Intensity 

(ksi fi.) 
239.4 

>34.9 

>34.6 

>38.7 
>32.5 

>36.5 

>24.8 
>26.5 

>25.7 

>49.6 

>52.2 

>52.3 

>36.6 

>33.9 

>32.2 

>36.4 
>37.5 

>34.8 

30.6 

26.0 
25.8 

Comments 

No pop-in 
No pop- in  
No pop- in  

No pop-in 
No pop- in  
No pop-in 

No pop-in 
No pop-in 
No pop-in 

No pop-in 
No pop-in 
No pop- in  

NO POP- 
N O  POP- 

N O  POP- 

NO POP- 
NO POP- 
No pop-in 
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Table A-6 Sustained-Load Crack-Growth Threshold Properties of Welded 2021-T81 Tested i n  Air* 

Weldment 
Condition 

WA 

ow 

WRA 

Defect 
Location 

wc 

FL 

HAZ 

wc 

wc 

FL 

HAZ 

F1 aw - S i  ze 
a ( i n . )  

1.03 
1.01 
1.11 
1.03 
1.07 
1.02 
1.06 

1.06 
1.03 
1.00 

1.01 
1.01 
1.02 

1.06 
1.03 
1.04 

1.01 
1.03 
1.03 

1.01 
1.03 
1.03 

avg 
Load 

2173 
2080 
1520 
1490 

1845 
1613 
1356 

2900 
2440 
2400 

2776 
2348 
1965 

2040 
1788 
1615 

2020 
1879 
1626 

174C 
1526 
1382 

(1b) 

I n i t i a l  Stress 
Intensi t 
(ksi d) 

15.4 
14.4 
12.5 
10.8 

14.6 
11.8 
10.4 

22.3 
17.4 
16.6 

19.1 
16.0 
13.9 

15.0 
12.8 
11.8 

14.2 
13.7 
11.7 
12.5 
11.2 
10.2 

Stress  Intensi ty  
Ratio, K I i  P I C  

0.86 
0.80 
0.69 
0.60 

0.86 
0.69 
0.61 

0.98 
0.77 
0.73 

0.92 
0.77 
0.67 

0.93 
0.80 
0.73 

0.92 
0.89 
0.76 
-- 
-- 
-- 

Time 

96 
143 
73 
71 

70 
72 
7 1  

70 
113 
68 

114 
120 
72 

118 
95 
70 

76 
72 
96 

113 
89 
70 

(hr)  
Description of 
Crack Behavior 

* 
Compact tension specimen; longitudinal direct ion,  1 - i n .  thick.  

Legend: 
WA Welded Plus Aged 
OW Overheated Weld 
WRA Repaired Weld Plus Aged 
WC Weld Centerline 
FL Fusion Line 
HAZ Heat Affected Zone 

G Crack Growth 
N No Crack Growth 
U 

L Localized Crack Growth 
E Extensive Growth ( 4 . 0 1  i n . )  
S Sl ight  Growth ( ~ 0 . 0 1  i n . )  

Crack Growth Along Entire Front 
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'., Table A-7 Sustained-Load Crack-Growth Threshold P r o p e r t i e s  o f  Welded X7007-T6 Tested i n  A i r *  

Weldment 
C o n d i t i o n  

AW 

ow 

WR 

De fec t  
L o c a t i o n  

wc 

FL 

HAZ 

wc 

wc 

FL 

HAZ 

Flaw S i z e  
a ( i n . )  

1.00 
1.00 
1.00 

0.97 
0.98 
0.99 

0.98 
1.01 
1.00 
0.97 

1.03 
1.06 
1.10 
1.04 
1.03 
1.03 
1.00 

1.02 
1.06 
1.06 

0.99 
0.97 
1.00 

avg 
Load 

4374 
3720 
1627 

4720 
2616 
2095 

3252 
3066 
2829 
2865 

3586 
2760 
2166 
4144 
3479 
2850 
2298 
3436 
2110 
1694 

3150 
2628 
2292 

( I b )  - 

I n i t i a l  S t ress  
I n t e n s i t y  
( k s i  K )  

29.7 
25.2 
11.1 
30.6 
17.3 
15.8 

21.3 
20.2 
17.5 
16.8 

25.7 
19.9 
17 - 5  
29.9 
24.5 
20.0 
15.5 

24.1 
15.8 
12.4 

17.1 
15.6 

21 .a 

S t ress  I n t e n s i t y  
Ra t io ,  KIi 

*Compact t e n s i o n  specimen; l o n g i t u d i n a l  d i r e c t i o n ;  1 i n .  t h i c k .  

tDefect  o u t s i d e  o f  FL zone. 

'Defect  ve ry  c l o s e  t o  HAZ. 

Legend: 

AW As-welded 

OW Overheated We1 d 
G Crack Growth 

N No Crack Growth 

Time 

96 
8 8  
70 

7 1  
132 

72 

67 
9 1  
78 
89 

70 
73 
72 
66 
7 1  
72 
74 
96 

115 
74 
72 
70  
72 

( h r )  - 

WR Repai red Weld U Crack Growth Along E n t e r  F r o n t  
WC Weld C e n t e r l i n e  L L o c a l i z e d  Crack Growth 
FL Fus ion  L i n e  E Ex tens ive  Growth ( > O  .01 i n  . ) 
HAZ Heat A f f e c t e d  Zone S S l i g h t  Growth (~0.01 i n . )  
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Table A-8 Sustained-Load Crack-Growth Threshold Properties of Welded 2021-T81 Tested in 3% 

'Defect outside of FL zone. 

WA Welded Plus Aged G Crack Growth 
OW Overheated Weld N No Crack Growth 
W R A  Repaired Weld Plus Aged U Crack Growth Along Entire Front 
WC Weld Centerline L Localized Crack Growth 

HAZ Heat Affected Zone S Sl ight  Growth (~0 .01  i n . )  
Extensive Growth (>0.01 i n . )  
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Table A-9 Sustained-Load Crack-Growth Threshold P r o p e r t i e s  o f  Welded X7007-T6 Tested i n  34% 
NaCQ S o l u t i o n *  

We1 dmen t 
Cond i t i on  

AW 

ow 

WR 

De fec t  
L o c a t i o n  

wc 

FL 

HAZ 

wc 

wc 

FL 

HAZ 

Flaw S i z e  
a ( i n . )  

avg 
1.06 
0.99 
1.08 
1.04 
1.02 
1.01 
0.97 
1.03 
0.99 
0.97 
0.98 

1.04 
1.02 
1.08 

1.03 
1.04 
1.06 

0.97 
1.07 
1.05 

1.03 
1.00 
0.97 

Load 

2618 
2960 
2251 
1680 

3168 
2576 
2153 
1625 
2420 
2100 
1663 

2940 
2200 
1423 

2840 
1818 
1393 

2595 
1614 
1210 
2800 
2415 
2874 

( I b )  

I n i t i a l  S t ress  
I n t e n s i  t 
( k s i  d) 

27.6 
19.6 
16.6 
11.9 

22.1 
17.6 
14.1 
11.2 
15.2 
13.9 
10.9 

21.5 
15.6 
11.0 

20.1 
13.1 
10.6 

15.8 
12.0 
8.7 

19.6 
16.3 
18.6 

S t ress  I n t e n s i t y  
R a t i o ,  KIi/KIc 

Time 

7 1  
72 
72 
72 

70 
76 
72 
72 
70 
72 
72 

70 
72 
72 

72 
72 

72 
7 1  
72 

70 
72  
72 

( h r )  
D e s c r i p t i o n  o f  
Crack Behavior  

*Compact t e n s i o n  specimen; l o n g i t u d i n a l  d i r e c t i o n ,  1 - i n .  t h i c k .  

Legend: 
AW As -we1 ded 

OW Overheated Weld 

G Crack Growth 

N No Crack Growth 

WR Repai red Weld L L o c a l i z e d  Crack Growth 

WC Weld C e n t e r l i n e  

FL Fusion L i n e  

HAZ Heat A f f e c t e d  Zone 

E Ex tens ive  Growth (>0.01 i n . )  

S S l i g h t  Growth (<0.01 i n . )  



A - 1 0  

Condition 

PM 

AW 

WA 

ow 

OWA 

WR 

WRA 

Table A-10 Corrosion Behavior o f  2021-T81 Aluminum A l loy  

Sever i ty  o f  Corrosion a t  Ind ica ted  Locat ion 
I n t e r -  

granular Stress Volume Stress 
Stress Level Surface Attack Corrosion Loss Loss 

(% Y i e l d  Strength) Locat ion P i t t i n g  ( in . )  Cracking (%) ( k s i )  
Laboratory Exposure 

90 PM L 0.015 None 3 3.3 
80 PM L 0.013 None 3 1.1 
70 PM L 0.009 None 2 1.2 
65 PM L 0.005 None 2 <1 
0 PM L N i  1 2 

90 
80 A1 1 D 0.010 None 4 
65 A1 1 D 0.010 None 5 

90 HAZ M 0.005 None 3 
80 FL,HAZ M 0.020 None 3 1.2 
70 HA2 M 0.005 None 3 2.0 
65 FL,HAZ L 0.002 None s2 

0 A1 1 L N i l  <1 
90 FL,HAZ M 0.020 None 6 3.3 
80 FL,HAZ M 0.015 None 6 4.4 
65 FL,HAZ M 0.016 Shallow (HAZ) 6 2.6 

80 FL,HAZ M 0.004 None 
70 FL,HAZ M 0.004 None 
65 FL,HAZ M 0.012 Shallow (HAZ) 5 
0 A1 1 L N i l  <1 
90 
80 FL,HAZ M 0.016 Shallow 5 
70 WC,HAZ M 0.010 Shallow (HAZ) 3 2.3 
0 A1 1 L N i  1 < 1  

90 WC,HAZ M 0.012 None 8 2.2 
8 2.2 80 WC,tIAZ D 0.009 None 
8 1.9 70 WC,HAZ D 0.012 None 

0 A1 1 L Nil 

0 A1 1 M N i  1 2 

0 A1 1 L N i l  c1 

PM 

AW 

WA 

ow 

OWA 

WR 

W RA 

Kure Beach Exposure 
90 
80 
65 

0 
90 
80 
65 

90 
90 
70 
70 
65 
0 
90 
80 
65 
0 

80 
70 
65 
0 

90 
80 
65 

0 

90 
80 
65 
0 

-- 

PM N i l  
HAZ I L  I 0.005 

c l  
< l  
< 1  
< 1  
1 

< 1  
< 1  
< 1  
1 4  
1 4  

<1 
< I  
< l  
41 
1 

< 1  
< 1  
2 

2 
1 
2 
<1 
1 

cl 
<1 
<1 
<1 
<1 
<l 
<1 

1.4 
1.2 
1.2 

2.8 
3.3 
1.8 

2.8 
2.8 
2.6 

2.8 
3.3 
1.8 

1.8 
1.6 
2.1 

4.2 
1.6 

<1 

2.9 
4.3 

wc 
HAZ 

None 
None 
None 

None 
None 
None 

L 0.004 
L 0.011 

None 
None 
None 
None 
None 

None 
None 
None 

None 
None 
None 

None 
None 
None 

None 
None 
None 

WC Weld c e n t e r l i n e  
FL Fusion l i n e  
HA2 Heat a f fec ted  zone 
L L i g h t  surface p i t t i n g  
M Moderate surface p i t t i n g  
D Deep surface p i t t i n g  
Shallow cracking = 40.010 in .  
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Table A - 1 1  Cor ros ion  Behavior  o f  X7007-T6 Aluminum A l l o y  

S e v e r i t y  o f  Cor ros ion  a t  I n d i c a t e d  L o c a t i o n  

I n t e r -  
g r a n u l a r  S t ress  Volume S t r e s s  

S t r e s s  Level  Su r face  A t t a c k  Cor ros ion  Loss Loss 
C o n d i t i o n  (% Y i e l d  S t r e n g t h )  L o c a t i o n  P i t t i n g  ( i n . )  Crack ing (%) (ks i )  

Labora to ry  Exposure 

PM 80 PM L N i  1 None <1 
70 PM L N i  1 None <1 
65 PM L N i  1 None <1 

AW 90 HAZ L 0.003 None 1 
90 FL ,WC L N i  1 None <1 
80 A1 1 L N i  1 None <1 
65 A1 1 L 0.002 None <1 
0 A1 1 L N i  1 <1 

ow 90 A1 1 L N i  1 None <1 
80 A1 1 L Ni 1 None <l 
65 A1 1 L N i  1 None <1 
0 A1 1 L N i  1 <1 

WR 90 A1 1 L 0.003 None <1 
80 HAZ L 0.005 None <1 
65 HAZ L 0.007 None <1 
65 FL ,WC L 0.003 None <1 
0 A1 1 L N i  1 <1 

0 PM L N i  1 

Kure Beach Exposure 

PM 90 
80 
65 
0 

90 

Aw I 
ow 90 

80 
65 
0 

WR 90 
80 
65 
0 

~- PM 

wc L 
A l l  I L A1 1 L 

FL 
HAZ 
A1 1 L 

0.002 None 2 2.3 
0.002 None <1 <1 
N i  1 None <1 <1 
N i  1 <1 
0.004 None <1 3.6 
N i  1 None <1 1 
N i  1 None <1 1 

0.002 None <1 2.9 
N i  1 None <1 2.7 
N i  1 None <1 <1 
N i  1 <1 
0.004 None <1 2.0 
0.002 None <1 <1 
0.003 None <1 <1 
N i  1 <1 

Legend: 

PM Paren t  Weld WC Weld c e n t e r l i n e  
AW As-we1 ded FL Fus ion  l i n e  
OW Overheated we1 d HAZ Heat  a f f e c t e d  zone 
WR Repai red we ld  L L i g h t  s u r f a c e  p i t t i n g  
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None 
None 

~ None 

Cor ros ion  Behavior  o f  2014-T6 Aluminum A l l o y  

L 
L 
M 
D 
L 

M 
L 
L 
L 

Table A-12 

0.006 
0.008 
0.007 
0.010 
N i  1 
0.010 
0.008 
0.008 
N i  1 

WR 90 
80 
65 
0 

PM 90 PM 
80 PM 
65 PM 

0 PM 

AW 90 HAZ 
80 HAZ 
65 HAZ 
0 

L 
L 
L 
L 

L 
L 
L 

0.004 
0.009 
0.008 
N i  1 
0.003 
0.004 
0.003 

None <1 
None <1 
None <1 

<1 
None <1 
None <1 
None <1 

Se' I t  I n d i c a t e d  L 

S t ress  
Cor ros ion  
Crack ing 

t r i ty  o f  Cor ros ion  

g r a n u l a r  

l r a t o r y  Exposure 

c a t i o n  

Volume 
Loss 
( % I  

St ress  
Loss 

( k s i )  
S t ress  Level  

L o c a t i o n  
La 

None 
None 
None 

90 
80 
65 
65 
0 

I n t e r m e d i a t e  
I n t e r m e d i a t e  
I n t e r m e d i a t e  
I n t e r m e d i a t e  

AW <1 
1 
2 
2 
2 
3 

2 
1 
<1 

WC ,HAZ 
A1 1 

90 
80 
65 
0 
0 

I FL,HAZ None 
None 
None 

ow 

FL , WC 

FL , HAZ 
FL ,HAZ r:: FL ,HAZ 

3 

5 

2.0 

1.4 
<1 

5.8 
4.1 
1.9 

90 
80 
65 

HAZ I E 
L 
L 
L 

0.004 
0.004 
0.002 

None 
None 
None 

2.8 
2.3 
1.3 

2.6 
1.6 
<1 

WC , HAZ 
WC , HAZ 
WC ,HAZ 

0.002 
0.002 
0.002 
N i  1 

Legend: 

PM Paren t  meta l  
AW As -we1 ded 
OW Overheated we1 d 
WR Repai red w led  
WC Weld c e n t e r l i n e  

FL Fusion L i n e  
HAZ H e a t - a f f e c t e d  zone 
L L i g h t  s u r f a c e  p i t t i n g  
M Moderate s u r f a c e  p i t t i n g  
D Deep s u r f a c e  p i t t i n g  

Shallow c r a c k i n g  = <0.010 i n .  I n t e r m e d i a t e  c r a c k i n g  = 0.010 - 0.015 i n .  



1 

Cond i ti on 

S e v e r i t y  o f  Cor ros ion  a t  I n d i c a t e d  L o c a t i o n  

S t ress  Leve l  
(% Y i e l d  S t r e n g t h )  L o c a t i o n  

I n t e r -  
g r a n u l a r  

Sur face A t t a c k  
P i t t i n g  ( i n . )  

WR 

PM 

AW 

90 
90 
80 
80 
65 
0 

80 
70 
65 
0 
90 
80 
65 
0 

PM 
PM 
PM 
PM 
FL ,HAZ 
FL ,HAZ 
FL , HAZ 
A1  1 
wc 
HAZ 
wc 
HAZ 
HAZ 
A1 1 

D 0.005 
D 0.006 
D 0.008 
M 0.005 
M 0.012 
M 0.012 
M 0.010 
L Ni  1 
D 0.006 
D 0.011 
D 0.010 
D 0.015 
D 0.012 
L N i  1 

5 
4 
4 
4 
5 

<1 

Legend: 
PM Paren t  meta l  
AW As-we1 ded 
WR Repai red w e l d  
WC Weld c e n t e r l i n e  
FL Fusion l i n e  

(1 
<1 
1.6 
1.6 
2.2 

icposure 
0.005 
0.003 
0.002 
N i  1 

PM 90 PM 
80 PM 
65 PM 
0 PM 

AW 90 HAZ 
80 HAZ 
65 HAZ 

0 A1 1 

0.005 
0.006 
0.004 
N i  1 

L 
L 
L 
L 

L 
L 
L 
L 

0.006 
0.004 
0.002 
0.005 
N i  1 

S t ress  
Cor ros ion  
Crack ing 

None 
None 
None 

None 
None 
None 

None 
None 
None 
None 
None 

Volume S t ress  

(%) ( k s i )  
Loss 1 Loss 

None <1 2.3 
None <1 <1 
None <1 1.7 

None <1 1.6 
None <1 <1 
None <1 <1 

<1 

HAZ H e a t - a f f e c t e d  zone 
L L i g h t  s u r f a c e  p i t t i n g  
M Moderate s u r f a c e  p i t t i n g  
D Deep s u r f a c e  p i t t i n g  
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PM 80 
70 
65 
0 

PM L 0.004 None <1 1.3 
PM L 0.003 None <1 <1 
P% L 0.003 None <1 <1 
PM L N i  1 <1 
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SURVEY ON 2021-T81 AND X7007-T6 ALUMINUM ALLOYS 
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I. INTRODUCTION 

High strength-to-weight ratio is one of the basic criteria 
for structural materials for liquid fueled space boosters. Others 
include good toughness, fabricability, and compatibility with a 
variety of environmental conditions. Aluminum alloys exhibit 
these qualities and, as a result, have been the principal struc- 
tural materials used for booster construction. The earlier boost- 
ers used medium strength 5000 series alloys. More current boost- 
ers, starting with the Titan series, graduated to high strength 
2000 series alloys. 
used for booster construction. This a l l o y  was originally considered 
to be nonweldable, but the need for a high strength-to-weight alloy 
forced the development of suitable welding techniques. Some con- 
struction has used the slightly lower strength, but more readily 
weldable, 2219 alloy. 

Alloy 2014 has been the principal composition 

In the past decade, a variety of new aluminum compositions has 
been developed. The bulk of these have been weldable 7000 series 
compositions. To incorporate weldability and some improvement in 
stress corrosion resistance, these aluminum-zinc alloys had to be 
diluted significantly and, as a result, strength properties were 
somewhat lower than for 2000 series alloys. 

To develop higher strength-to-weight ratio aluminum alloys, 
NASA initiated a program with the Alcoa Research Laboratories to 
develop a weldable, high-strength aluminum suitable for applications 
at temperatures to -423°F. This work was performed under contract 
NAS8-5452 during the period 1963 to 1967 (Ref. 1). As a result of 
this work, the two aluminum alloys evaluated in the "Cryogenic 
Alloy Screening" program (2021-T81 and X7@07-T6) were developed. 
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11. ALLOY DEVELOPMENT PROGRAM 

The a l l o y  development program under taken  by Alcoa had t h e  f o l -  
lowing p r o p e r t i e s  and c h a r a c t e r i s t i c s  e s t a b l i s h e d  as goa l s :  

T e n s i l e  p r o p e r t i e s  a t  room tempera ture  - 
a) T e n s i l e  s t r e n g t h :  75 k s i  (rnin), 

b)  Y ie ld  s t r e n g t h :  65 k s i  (min) , 
c) Elongat ion:  10% i n  2 i n .  (min);  

T e n s i l e  p r o p e r t i e s  a t  -423°F n o t  i n f e r i o r  t o  those  
s p e c i f i e d  a t  room tempera ture ;  

Notched/unnotched t e n s i l e  r a t i o ( K  = 10) a t  - 
a )  Room tempera ture  - 1.0 (min),  

b)  A t  -423°F - 0.9 (min); 

Weldab i l i t y  by conven t iona l  TIG o r  M I G  techniques  
e q u i v a l e n t  t o  those  of 5456 o r  2219; 

Good d u c t i l i t y  and f r a c t u r e  toughness a t  tempera tures  
down t o  -423°F i n  bo th  t h e  as-welded and postweld aged 
c o n d i t i o n s  ; 

Weld j o i n t  e f f i c i e n c i e s  of 80% minimum a t  room tempera- 
t u r e  ; 

Notched/unnotched t e n s i l e  r a t i o  (K = 10) i n  t h e  as- 
welded c o n d i t i o n  - 0.85 minimum atT-423"F; 

Maximum r e s i s t a n c e  t o  c o r r o s i o n  and s t r e s s - c o r r o s i o n  
c rack ing .  

T 

Alloy compositions i n v e s t i g a t e d  i n  t h e  A1-Cu s y s  t e m  (2000 
series a l l o y s )  w e r e  m o d i f i c a t i o n s  of 2219. Although 2219 does n o t  
e x h i b i t  t h e  h i g h  s t r e n g t h s  of 2014, t h e  s u p e r i o r  w e l d a b i l i t y  w a s  
cons ide red  t o  b e  paramount. The i n t e n t  of t h i s  p o r t i o n  of t h e  
development work w a s  t o  a t t empt  t o  o b t a i n  s t r e n g t h e n i n g  by t h e  
a d d i t i o n  of Mg, S i ,  Cd, o r  Sn w i t h o u t  s a c r i f i c i n g  w e l d a b i l i t y .  

It w a s  determined t h a t  Cd and Sn provided  t h e  h i g h e s t  l e v e l  
of s t r e n g t h e n i n g .  The notched/unnotched t e n s i l e  r a t i o  tended t o  
dec rease  w i t h  i n c r e a s i n g  s t r e n g t h  and w a s  only s l i g h t l y  lower a t  
-320°F than a t  room tempera ture .  S t r e n g t h  decreased  when the metal 
w a s  cold worked ( s t r e t c h e d )  b e f o r e  ag ing .  A s h o r t  a r t i f i c i a l  
t r ea tmen t  (pre-aging) b e f o r e  s t r e t c h i n g  p a r t i a l l y  r e s t o r e d  
s t r e n g t h .  
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The a d d i t i o n  of bo th  Cd and Sn t o  2219 r e s u l t e d  i n  s t r e n g t h s  
t h a t  m e t  t h e  c o n t a c t  requi rements ,  b u t  on ly  when pre-aged b e f o r e  
s t r e t c h i n g .  The e l o n g a t i o n  of t h e  a l l o y  approached t h e  d e s i r e d  
v a l u e  of 10%. The notched/unnotched t e n s i l e  r a t i o  a l s o  w a s  c l o s e  
t o  t h e  room tempera ture  goa l ,  exceeded t h e  -423°F goa l ,  and showed 
only  s l i g h t  v a r i a t i o n  w i t h  t e s t i n g  tempera ture .  

Stress c o r r o s i o n  tests of t h e  c a n d i d a t e  composi t ion showed 
t h a t  t h e  Cd and Sn a l l o y  had s u p e r i o r  c o r r o s i o n  r e s i s t a n c e ,  w i t h  
f a i l u r e  o c c u r r i n g  only  a f t e r  an  extended t i m e  i n  t h e  a c c e l e r a t e d  
c o r r o s i o n  tes t  . 

Weld c rack ing  tests u s i n g  2319 f i l l e r  metal and an  i n v e r t e d  
T- jo in t  showed l i t t l e  c rack ing ,  i n d i c a t i n g  good commercial weld- 
a b i l i t y  . 

I t  w a s  found t h a t  M I G  and TIG,welds could  be  made w i t h o u t  d i f -  
f i c u l t y  f o r  t h e  Cd and Sn v a r i a t i o n .  Weld j o i n t  e f f i c i e n c i e s  were 
60% f o r  t h e  as-welded c o n d i t i o n  and 65% f o r  t h e  post-weld aged 
cond i t ion .  Th i s  i s  below t h e  d e s i r e d  g o a l  of 80%, b u t  w a s  s u p e r i o r  
t o  2219 a l l o y .  
w a s  good. 

Notch toughness of weldments a t  b o t h  70 and -320°F 

I n  summary, i t  was shown t h a t  a m o d i f i c a t i o n  of 2219 w i t h  Cd 
and Sn could  m e e t  t h e  s t r e n g t h  requi rements .  Th i s  a l l o y  a l s o  ex- 
h i b i t e d  good notch  toughness ,  good w e l d a b i l i t y ,  and i t  w a s  i n d i -  
c a t e d  t h a t  a c c e p t a b l e  s t r e s s - c o r r o s i o n  r e s i s t a n c e  could b e  devel-  
oped. The one p r o p e r t y  s i g n i f i c a n t l y  below t h e  c o n t r a c t  g o a l  w a s  
weld tensile s t r e n g t h .  

This a l l o y  w a s  s e l e c t e d  f o r  f u r t h e r  development and w a s  f i r s t  
des igna ted  M825, and then  la te r  des igna ted  X2021. 

I n  t h e  7000 series, emphasis w a s  p l aced  on t h e  Cu-free AR-Zn-Mg 
composi t ions.  Although t h e  h i g h e s t  s t r e n g t h  l e v e l s  can b e  a t t a i n e d  
w i t h  those  composi t ions Conta in ing  Cu, w e l d a b i l i t y  and notch  tough- 
n e s s  become impaired.  It  w a s  dec ided  t o  c o n c e n t r a t e  a l l o y  develop- 
ment on composi t ion c o n t a i n i n g  only  Zn and Mg. Twenty expe r imen ta l  
composi t ions w e r e  eva lua ted .  Mechanical p r o p e r t y  tests of t h e  
a l l o y s  showed t h a t  notch-toughness a t  room tempera ture  w a s  gener- 
a l l y  very  good, b u t  was much poore r  a t  -320°F. Notch toughness 
decreased  wi th  i n c r e a s i n g  y i e l d  s t r e n g t h .  An a l l o y  i n  t h e  v i c i n i t y  
of 6% Zn and 2% Mg m e t  t h e  d e s i r e d  y i e l d  s t r e n g t h  of 65 k s i  and 
provided  t h e  optimum cryogenic  notch-toughness .  
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F u r t h e r  i n v e s t i g a t i o n s  were conducted on a l l o y s  n e a r  t h e  de- 
s i r a b l e  6 Zn-2 Mg composition. These a l l o y s  a l s o  con ta ined  s m a l l  
amounts of Mn, C r ,  and Cu. Some compositions con ta ined  a small  
amount of Z r  t o  improve w e l d a b i l i t y .  D e t a i l e d  e v a l u a t i o n  of t h e s e  
a l l o y s  showed t h a t  one a l l o y ,  M793 (6.51% Zn, 1.64% Mg, 0.12% Cu, 
0.10% Z r )  most n e a r l y  m e t  t h e  c o n t a c t  s t r e n g t h  and notch-toughness 
requi rements .  Although t h i s  composition had b e t t e r  s t r e s s - c o r r o -  
s i o n  r e s i s t a n c e  t h a n  t h e  o t h e r  a l l o y s ,  i t  w a s  s t i l l  s u s c e p t i b l e  
t o  stress c o r r o s i o n  c rack ing  i n  t h e  s h o r t  t r a n s v e r s e  d i r e c t i o n .  
Weldab i l i  t y  w a s  a c c e p t a b l e  ; weld s t r e n g t h  approached t h e  c o n t r a c t  
g o a l s .  However, c ryogen ic  notch-toughness w a s  low and s u s c e p t i b i l -  
i t y  t o  s t r e s s - c o r r o s l o n  c r a c k i n g  e x i s t e d  i n  welded j o i n t s .  A 
m o d i f i c a t i o n  w a s  s e l e c t e d  f o r  f u r t h e r  development. I n  t h i s  a l l o y ,  
t h e  Mg c o n c e n t r a t i o n  w a s  i n c r e a s e d  t o  1.8% t o  p rov ide  a s l i g h t  i m -  
provement i n  s t r e n g t h .  This  a l l o y  w a s  subsequen t ly  r e g i s t e r e d  as 
X7007 e 

Subsequent t o  t h e  i d e n t i f i c a t i o n  of t h e  two cand ida te  compo- 
s i t i o n s  (X2021 and X7007), a d d i t i o n a l  s t u d i e s  were performed i n  
t h e  fo l lowing  areas : 

V a r i a t i o n s  i n  major a l l o y i n g  e lements ;  

Quench s e n s i t i v i t y ;  

'Trace e lements ;  

Alloy modi f i ca  t i o n  ; 

Aging s t u d i e s  ; 

Treatments t o  improve stress c o r r o s i o n  r e s i s t a n c e ;  

F a b r i c a b i l i t y  

The two a l l o y s  developed i n  t h i s  program (X2021 and X7007) 
came very  c l o s e  t o  meeting t h e  o v e r a l l  c o n t r a c t  o b j e c t i v e s .  The 
e s t i m a t e d  average  unnotched and notched t e n s i o n  p r o p e r t i e s  of t h e s e  
a l l o y s  are summarized i n  Table B-1  and compared wi th  t h e  c o n t r a c t  
o b j e c t i v e s .  Also ,  l i s t e d  i n  Table B - 1  are t h e  p r o p e r t i e s  of e x i s t -  
i n g  weldable  a l l o y s  used o r  cons ide red  f o r  ae rospace  v e h i c l e  a p p l i -  
c a t i o n s  

The room tempera ture  t e n s i l e  s t r e n g t h s  of bo th  a l l o y s  are 
similar and were s l i g h t l y  below t h e  c o n t r a c t  goa l  of 75 k s i .  X7007 
e x h i b i t s  a y i e l d  s t r e n g t h  s l i g h t l y  above t h e  goa l  of 65 k s i ,  w h i l e  
t h e  X2021 y i e l d  level i s  s l i g h t l y  below t h e  t a r g e t  va lue .  Alloy 
X2021 e x h i b i t e d  lower e l o n g a t i o n  a t  room tempera ture  than t h e  o t h e r  
a l l o y s .  



B-5 

In 

2 
P 

P 

Q 
a, 
9 
m -a 
a, 
zs 

r 
c, 
m 
S 
a, 
L 
c, 
v, 

I: 
m 
I 

m 
V 
L 

7 

- 
n 

.r 

P 

-r 

E 
E 
0 

-c1 
S 
m 

rb 
c, 
S 
a, 
E 
L 
a, 
Q 
x w 
IC 
0 

In 
a, 
c, 
L 
a, 
Q 
0 
L 
a 
a, 

7 

*r 

.r 

P 
.r 
In 
S 
a, 
I- 
4- 
0 

S 
0 
In 

L 
m 
Q 
E 
0 
0 

*F 

d 
I 
a 

n 
a, 

m 
I- 

- 

L n I  I I 
b I  I I 

0 1  I I 
d I  I I 

0 1  I O  
0 1  l m  

-In 
I v 7  
S a m  
O L O  
Jc,c3 

co 
M 

w co 
4 

t; 
h 
0 
0 
h 
x 

4 0 

N N 0 0  
4ddd 

d m m o  m d m m  
4400 
. . . .  

4 
m 
0 co 
I- 
I 

m 
M 
0 
h 

cOCnem N o m c o  
dd00 
. . . *  

M 
d- 
M 
I 
u3 m e- m 

I I I I  
1 1 1 1  

d 
CO 
I- 
I 
d 
N 
0 
N 
x 

Ou3NO 
0 0 0 0  . . . .  
dddd 

od-eo 
h h c o O  

d 

Lo. I COCD 
d 1 m m  
d 0 0  

. .  

d 
m co 

m 
d 
N 
N 

7 

ONOrn  
h 4 N N  

d M d  
I l l  

=7 c, 
L 
a, 
n 
0 
L 
a 



B-6 

The notch  t e n s i o n  p r o p e r t i e s  of X2021 m e t  t h e  c o n t r a c t  g o a l .  
Although t h e  room tempera ture  toughness  w a s  lower than  t h a t  of t h e  
o t h e r  a l l o y s ,  t h e  toughness r a t i o  remained c o n s t a n t  w i t h  dec reas ing  
tempera ture  s o  t h a t  a t  -423°F i t w a s  h i g h e r  t han  t h a t  of t h e  o t h e r  
composi t ions.  Al loy  X7007 e x h i b i t e d  t h e  t y p i c a l  h i g h  room tempera- 
t u r e  toughness  w i t h  d e c r e a s i n g  tempera ture  c h a r a c t e r i s t i c  f o r  7000 
series a l l o y s .  However, t h e  c o n t r a c t u a l  g o a l s  were m e t ,  even a t  
-423°F. 

Stress c o r r o s i o n  t e s t i n g  showed t h a t  t h e  r e s i s t a n c e  of X2021 
approached t h a t  of 2219, which i s  e x c e l l e n t  and shows no f a i l u r e s  
a t  0 .75 a ys .  The r e s i s t a n c e  of X7007 w a s  somewhat lower ,  be ing  similar 
s i m i l a r  t o  t h a t  of 7039. S u s c e p t i b i l i t y  t o  c rack ing  w a s  no ted  i n  
t h e  s h o r t - t r a n s v e r s e  d i r e c t i o n ,  which i s  q u i t e  c h a r a c t e r i s t i c  f o r  
7000 series a l l o y s .  

Weldab i l i t y  s t u d i e s  showed t h a t  t h e  X2021 a l l o y  welded w i t h  
2319 f i l l e r  m e t a l  p rovided  w e l d a b i l i t y  similar t o  t h a t  o f  22191 
2319 and b e t t e r  t han  t h a t  of t h e  201412319 p a r e n t / f i l l e r  combina- 
t i o n .  The X7007/5356 combinat ion w a s  found t o  b e  similar t o  t h a t  
of 7039/5356; i t  w a s ,  t h e r e f o r e ,  deemed commercially weldable ,  
b u t  w i th  somewhat more d i f f i c u l t y  than  X2021. 

Mechanical p r o p e r t y  s t u d i e s  of weldments showed t h a t  X2021 
s t r e n g t h  levels w e r e  i n t e r m e d i a t e  between t h e  h igh  s t r e n g t h  
2014 and t h e  lower s t r e n g t h  2219. S t r e n g t h  level  w a s  w e l l  below 
t h e  ambi t ious  t a r g e t  of  60 k s i .  
approached t h e  c o n t r a c t  g o a l  and w e r e  among t h e  h i g h e s t  observed 
f o r  aluminum a l l o y s .  

The X7007 weld s t r e n g t h  va lues  

Limited stress c o r r o s i o n  t e s t i n g  of weldments showed t h a t  
post-weld aged X2021 w a s  r e s i s t a n t  t o  c o r r o s i o n ,  whereas as-welded 
m a t e r i a l  w a s  s u s c e p t i b l e .  X7007 weldments were s u s c e p t i b l e  t o  
stress c o r r o s i o n  c rack ing .  

Alloy X2021 w a s  found t o  be an  improvement i n  h igh  s t r e n g t h  
weldable  a l l o y s .  The a l l o y  w a s  found t o  b e  s u p e r i o r  t o  2219 i n  
most r e s p e c t s .  A comparison w i t h  2014 showed t h a t  X2021 e x h i b i t e d  
s i m i l a r  p a r e n t  metal s t r e n g t h  p r o p e r t i e s ,  b u t  s u p e r i o r  s t r e s s - c o r -  
r o s i o n  r e s i s t a n c e  and w e l d a b i l i t y  . Weld s t r e n g t h  w a s  n o t  as g r e a t  
as 2014. 

Alloy X7007 w a s  found t o  have a n  o u t s t a n d i n g  combinat ion of 
mechanical  p r o p e r t i e s ,  b u t  w a s  found t o  b e  s u s c e p t i b l e  t o  stress 
c o r r o s i o n  c rack ing  i n  t h e  s h o r t - t r a n s v e r s e  d i r e c t i o n  i n  p a r e n t  
metal and i n  weldments. 
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111. MECHANICAL PROPERTY DATA 

In this section, available mechanical property data will be 
presented and compared. The bulk of the data will be for the 2021 
alloy. Although X 7 0 0 7  has been evaluated, virtually no data other 
than that generated by Alcoa and under this contract are available. 

A. TENSILE PROPERTIES 

1. Parent Metal 

Tensile tests were performed on annealed and solution treated 
2021 material (3/4-in. plate) by Lockheed (Ref 2). These data, 
summarized in Table B-2, show the absence of strain rate sensi- 
tivity in the 1.0 to .Ol%/sec range. 
annealed and solution treated material is clearly obvious. 

The high ductility of both 

Full heat-treated material (-T81 condition) has been evaluated 
in thicknesses from 1/16 to 2 1/2 in. The bulk of this work was 
performed by Coursen of Alcoa as an extension to the original pro- 
gram and is reported in (Ref 1). Available data are summarized in 
Table B-3. The data show similar properties for the various lots 
of materials evaluated. There appears to be a tendency toward a 
reduction in strength with increasing thickness, normal for heat 
treated aluminum alloys, and low elongation in the long transverse 
direction in thicknesses of 1 in. or greater. One lot of 1-in. 
plate exhibited a rather l o w  ultimate strength, 70 ksi, but a 
normal yield strength level, 65 ksi. 

Tensile property data for X 7 0 0 7  alloy are less available than 
for the 2021 composition because of the lower level of interest 
in 7000 series alloys. A summary of the available Alcoa and Martin 
Marietta data is given in Table B-4. This alloy appears to exhibit 
a wider variation in properties than 2021. Data from the two 
sources are in general agreement. 
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S t ra i  n 
Rate 

(sec-l)  
1 .7  10-3 
1.7 x lom2 
1.7 10-3 
1 . 7  x 

1.7  x 

1.7  10-3 

Table B-2 Tensile Properties o f  Annealed and Solution 
Treated 2021 Alloy 

Ultimate Yield Uniform Reduction 
Strength Strength Strain o f  Area 

47 19 21 49 
44 16 22 54 
44 22 18 55 
47 18 20 47 
26 12 13 58 
26 14 14 62 

(ksi)  (ksi ) True (%) ( % I  Condi t i  on 
ST (1 hr) 
ST (1 hr) 
ST ( 3  hr) 
ST ( 3  hr) 
Annealed 
Annealed 



Table B-3 Tensile Properties of Heat Treated 2021 
A1 1 oy (-T81 Condi t i  on) 

Thick- 
ness 
( in . )  
1/ 16 
1/ 16 

1/ 16 

I/ 8 

11 4 

112 

1 
1 

1 
1 

2 112 

Grain 
Di rec- 
t i  on 

LT 
L 
LT 
L 
LT 
L 
LT 
L 
LT 
L 
LT 
LT 
L 
LT 
L 
L 
LT 
L 
LT 
ST 

U 1  timate 
Strength 

(ks i )  
76 
73 
74 
73 
72 
73 
73 
73 
74 
74 
74 
73 
73 
72 
70 
74 
74 
72 
69 
69 

Yield 
Strength 

( k s i )  
66 
66 
64 
64 
63 
63 
62 
66 
66 
65 
64 
64 
63 
61 
65 
67 
65 
63 
62 
60 

Elonga- 
ti on 

8 
7 
9 
9 
8 

10 
10 
12 
10 
10 
7 
4 
8 
3 

11 
8 
5 
7 
4 
4 

( % I  Ref e ren c e 
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Table B-4 Tensile Properties of Heat Treated X7007 
A1 1 oy (-T6 Condi t i  on)  

Thick- 
ness 
( i n . )  

11 16 

1/8 

1/ 4 

1/2 

1 

1 
1 

2 1 / 2  

Grain 
Di rec- 
t i  on 
L 

LT 

L 
LT 
L 

LT 
L 

LT 
L 

LT 
L 
L 

LT 
L 

LT 

ST 

U1 timate 
Strength 

(ks i )  
70 
74 
74 
71 
73 
7 1  
72 
71 
77 
74 
77 
72 
70 
71 
73 
74 

Yield 
Strength 

(ksi ) 
68 
70 
68 
66 
67 
64 
65 
64 
73 
69 
73 
69 
66 
70 
68 
66 

E l  onga- 
t i o n  

9 
9 

11 
12 
12 
12 
14 
13 
13 
13 
14 
14 
14 
14 
13 
8 

( % I  Reference 



2 .  We1 ded Metal 

Pos twel d 
Aging  Treatment 

40 days/7O0F 

133 days/7O0F 
90 days/7O0F 

Welded p rope r ty  d a t a  f o r  2021 a l l o y  from Alcoa, Lockheed, and 
Douglas are summarized i n  Table  B-5. These d a t a  show r a t h e r  
t y p i c a l  r e s u l t s  f o r  2000 series a l l o y s .  The t h i n  gage (1/16-in.)  
tests e x h i b i t e d  t h e  h i g h e s t  s t r e n g t h  l e v e l .  S t r eng th  level w a s  
s i g n i f i c a n t l y  lower i n  t h e  p l a t e  gage range.  With t h e  excep t ion  
of t h e  Douglas d a t a  f o r  l - i n .  p l a t e ,  which e x h i b i t e d  a low s t r e n g t h  
l e v e l ,  t h e r e  w a s  g e n e r a l l y  good agreement of u l t i m a t e  s t r e n g t h  
level i n  t h e  p l a t e  range (1/3 t o  1 i n .  t h i c k n e s s ) .  Y ie ld  s t r e n g t h  
l e v e l s  a l l  appear  t o  be on t h e  h igh  s i d e .  I n  a l l  cases, y i e l d  
s t r e n g t h  w a s  determined over  a 2-in.  gage l e n g t h  r a t h e r  than  by 
determining t h e  y i e l d  s t r e n g t h  of t h e  weld bead only .  A s  a re- 
s u l t ,  y i e l d  s t r e n g t h  l e v e l s  are r e p o r t e d  t o  be  above t h e  20-25 
k s i  normally found f o r  t h e s e  types  of a l l o y s  when t h e  l o c a l  prop- 
ert ies of t h e  weld bead are determined. 

U 1  t imate  Yield 
Strength Strength 

Lot (ks i )  (ks i )  
A 55 44 
A 59 42 
B 58 49 

Data f o r  X7007 a l l o y  are a v a i l a b l e  only  from t h e  Alcoa work. 
These d a t a ,  from two tests summarized below, show s l i g h t l y  h i g h e r  
s t r e n g t h  p r o p e r t i e s  of room tempera ture  aged material than  t h e  
d a t a  ob ta ined  i n  t h i s  program. However, t h i s  i s  a t t r i b u t a b l e  t o  
t h e  longer  room temperature  ag ing  p e r i o d  u t i l i z e d  by Alcoa p r i o r  
t o  t e s t i n g .  



B-12 

Table B-5 Weld Tensile Properties of  2021-T81 Alloy 

Thick- 
ness 
( i n . )  
1/16 

1/ 3 

1/2 

1 

1 

Condi - 
t i  on* 

AW 
WA 
AW 
WA 
AW 
WA 
AW 
WA 
AW 
WA 
AW 
WA 
AW 
WA 

We1 d 
Technique 

TIG 
TIG 
TIG 
TIG 
TIG 
TIG 
MIG 
MIG 
TIG 
TIG 
MIG 
MIG 
TIG 
TIG 

* 
AW = as welded 
WA = welded p l u s  aged 

U 1  timate 
Strength 

(ksi ) 
47 
54 
40 
44 
43 
48 
42 
47 
43 
44 
43 
47 
36 
41 

Yield 
Strength 

(ksi ) 
33 
50 

33 
46 
38 
45 
38 
-- 
36 
46 
23 
36 
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Thick- 
ness 
( in . )  

B .  FRACTURE BEHAVIOR 

Critical 

Type* Di recti on ksi fi. 
Specimen Grain Stress Intensity 

Alcoa studied the fracture behavior of both alloys (parent 
metal condition) in thicknesses of 1/4, 1/2, and 1 in. According 
to current ASTM standards, data were not valid for the 1/4-in. 
stock of both alloys and much of the 1/2-in. material. 
summarized in Table B-6. 

Data are 

I/ 4 

1/ 2 

1 

Table B-6 Room Temperature Fracture Toughness Data 

CN L 25.6t 
T 2 2 . 9 t  

NB L 30.61. 
T 21.8 

NB L 38.4s 
T 23.9 

1 /4  

1/ 2 

1 

CN L 
T 

N B  L 
T 

N B  L 
T 

45.4t  
37.5t 
40. O t  
37.3i- 
45.5 
37.4 

*CN = center notched; NB = notched bend. 

tInsufficient thickness. 

§ O u t  of plane fatigue precrack. 
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Stress 
Type of Test Ratio ( R )  

F1 exure-Sheet -1.0 
Rotating Beam- 

Plate -1.0 
' Axi a1 -Sheet 0.0 

0 .0  Axi a1 - P  1 a te  

Extens ive  f r a c t u r e  toughness t e s t i n g  of 2021 weldments has  
been conducted by Lockheed on 0.30 - 0.33-in.  material u s i n g  t h e  
s u r f a c e  flawed specimen (Ref 5 ) .  Although t h e  gage w a s  i n s u f f i -  
c i e n t  t o  p e r m i t  o b t a i n i n g  v a l i d  p l a n e  s t r a i n  d a t a ,  i t  never the-  
less d i d  p rov ide  s imula t ed  s e r v i c e  type in fo rma t ion  f o r  t h e  an- 
t i c i p a t e d  a p p l i c a t i o n .  Minimum c r i t i ca l  stress i n t e n s i t y  v a l u e s  
determined i n  au tomat i c  T I G  welds ,  aged a f t e r  weld ing ,  were as 
fo l lows :  weld c e n t e r l i n e  - 18 k s i  d g . ;  n e a r  h e a t  a f f e c t e d  zone 
(NHAZ) - 11 k s i  ; NHAZ of r e p a i r e d  weld- 1 9  k s i  G. ; and 
weld c e n t e r l i n e  of r e p a i r e d  weld - 1 4  k s i  J in .  
showed t h e  f o l l o w i n g  toughness v a l u e s :  
&. and NHAZ - 15 k s i  &. 

Unaged welds 
weld c e n t e r l i n e  - 1 6  k s i  

Fatigue Limit ( k s i )  

Notched Notched 
Unnotched (KT > 12)  Unnotched (KT > 12) 

18 

2021-T8 1 X7007-T6 

-- -- 19 

17 5.5 22 5.5 
27 
26 8.0 33 8.0 

-- 27 -- 

Sus ta ined  load  t e s t i n g  of specimens c o n t a i n i n g  weld c e n t e r -  
l i n e  d e f e c t s  showed no c rack  growth i n  a hydraz ine  environment a t  
120°F f o r  stress i n t e n s i t i e s  h i g h e r  t h a n  73% of t h e  c r i t i c a l  stress 
i n t e n s i t y .  

C .  FATIGUE PROPERTIES 

F a t i g u e  p r o p e r t i e s  have been determined a t  room tempera ture  
us ing  v a r i o u s  types  of f a t i g u e  load ing  methods (Ref 1 ) .  
n i f i c a n t  d i r e c t i o n a l i t y  e f f e c t s  were found between l o n g i t u d i n a l  
and t r a n s v e r s e  material .  

N o  s i g -  

F l e x u r a l  and a x i a l  stress f a t i g u e  s t r e n g t h s  of s h e e t  of bo th  

This  may b e  a t t r i b u t e d  
a l l o y s  were about equal .  However, unnotched p l a t e  tests of X7007 
showed a h i g h e r  f a t i g u e  l i m i t  t h a n  2021. 
t o  t h e  h ighe r  t e n s i l e  s t r e n g t h  l e v e l  of t h e  X7007 p l a t e  s t o c k .  
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IV. MANUFACTURING DATA 
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The p r o p e r t i e s  and behavior  of 2021-T81 and X7007-T6 a l l o y s  
are s i m i l a r  t o  o t h e r  aluminum a l l o y s  f o r  which a g r e a t  d e a l  of 
manufactur ing expe r i ence  e x i s t s .  Thus, no unique problems o r  new 
manufac tur ing  t echn iques  are a n t i c i p a t e d .  

The X7007-T6 composi t ion h a s  n o t  r e c e i v e d  s u f f i c i e n t  a t t e n -  
t i o n  by t h e  aerospace  i n d u s t r y  t o  account  f o r  any manufactured 
i t e m s .  The 2021-T81 a l l o y  has r e c e i v e d  cons ide rab ly  more a t t e n -  
t i o n  and l i m i t e d  amounts of  hardware have been cons t ruc t ed .  No 
unusual  manufac tur ing  problems i d e n t i f i a b l e  s p e c i f i c a l l y  t o  a l l o y  
2021, as d i f f e r e n t i a t e d  from o t h e r  2000 series a l l o y s ,  have been 
r e p o r t e d .  I n  t h i s  s e c t i o n  w e  w i l l  b r i e f l y  summarize t h e  manufac- 
t u r e  of two hardware i t e m s .  

As p a r t  of t h e  A i r  Force  Rocket P ropu l s ion  L a b o r a t o r i e s  Hydra- 
z i n e  S t o r a b i l i t y  T e s t  Tank Program, a number of s m a l l  t a n k s  w e r e  
des igned  and f a b r i c a t e d  by Mar t in  Marietta Corpora t ion  (Ref 6 ) .  
A t o t a l  of 35 t anks  were c o n s t r u c t e d  from seven materials, t he re -  
by p rov id ing  f i v e  tanks  of each a l l o y .  Aluminum a l l o y s  were 2014- 
T6, 2219-T6, and 2021-T6. 

The tank  d e s i g n  i n c o r p o r a t e d  f u l l - s c a l e  missi le  t ank  f e a t u r e s  
and t y p i c a l  weld stresses. F a b r i c a t i o n  and tes t  procedures  w e r e  
based on s i m u l a t e d  p roduc t ion  t o o l i n g  and on a c t u a l  procedures  
used i n  t h e  manufacture  of p roduc t ion  tankage.  Tank volume w a s  
approximately 1 5  g a l l o n s .  

No unusual  problems occurred  i n  t h e  f a b r i c a t i o n  of t h e  2021 
t anks ;  p r o c e s s i n g  and f a b r i c a t i o n  were q u i t e  similar t o  those  of 
o t h e r  2000 series a l l o y s .  

The on ly  known hardware c o n s t r u c t e d  o f  2021 a l l o y  f o r  a c t u a l  
service are 62-in.-diameter p r o p e l l a n t  t anks  des igned  and f a b r i -  
c a t e d  by Lockheed (Ref 7).  It w a s  r e p o r t e d  t h a t  s e l e c t i o n  of  
2021 r e s u l t e d  i n  a weight  s av ing  of 20 l b  o v e r  2219, and 100 l b  
over  6061 aluminum. These hydraz ine  t a n k s  were des igned  f o r  a n  
o p e r a t i n g  p r e s s u r e  of 300 p s i g  and a minimum d e s i g n  b u r s t  p r e s s u r e  
of 600 p s i g .  The tank  was s p h e r i c a l  in shape  and c o n s i s t e d  of two 
5-f t -diameter  s h e a r  formed hemispheres  welded t o  a n  e q u a t o r i a l  r i n g  
(Y-ring) f o r g i n g ,  Membrane t h i c k n e s s  f o r  t h e  t ank  was 0.147 i n . ,  
weld l and  t h i c k n e s s  w a s  0.330 in .  
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To p rec lude  g r a i n  coa r sen ing  du r ing  p r o c e s s  annea l ing  o r  f i n a l  
s o l u t i o n  h e a t  t r e a t m e n t ,  a 2021-H210 temper w a s  developed f o r  t h e  
s h e a r  forming o p e r a t i o n .  
pos tweld  ag ing  of  t h e  hemispheres and r i n g  f o r g i n g ,  p a r t i a l  ag ing  
b e f o r e  welding w a s  performed. 

To p reven t  d i f f e r e n t i a l  growth du r ing  

Welding w a s  performed us ing  t h e  T I G  p r o c e s s  and 2319 a l l o y  as 
t h e  f i l l e r  material. Although 2021 c o n t a i n s  o n l y  a minor amount 
of Cd, an overhead ven t ing  sys tem w a s  used as a s a f e t y  p recau t ion .  
The welding procedure  c o n s i s t e d  of a three-pass  p rocess  t o  a t t a c h  
t h e  Y-ring t o  t h e  a f t  hemisphere and a four-pass  p rocess  t o  at- 
t a c h  t h e  Y-ring t o  t h e  forward hemisphere.  Some weld c rack ing  w a s  
found i n  t h e  p rocess ;  however, s imilar  c rack ing  w a s  found us ing  
2219 a l l o y ,  i n d i c a t i n g  t h a t  t h e  problem w a s  n o t  unique t o  2021. 
Weld p rocess  techniques  were modif ied s l i g h t l y  and t h e  c rack ing  
w a s  e l imina ted .  

Lockheed concluded t h a t  t h e  h igh  s t r e n g t h  of 2021 could b e  
used and ease of f a b r i c a t i o n  maintained.  Several c h a r a c t e r i s t i c s  
of 2021 t h a t  should  be  cons idered  f o r  t h e  manufacture  of space  
v e h i c l e  p r o p e l l a n t  tanks  are no ted  by Lockheed. These cha rac t e r -  
i s t ics  are: 

1) Maximum s t r e n g t h  can be  a t t a i n e d  i n  t h e  s o l u t i o n  
t r e a t e d  and aged cond i t ion ,  w i thou t  t h e  n e c e s s i t y  f o r  
p o s t - s o l u t i o n  t r ea tmen t  c o l d  work; 

2) Shear  forming i n  t h e  annealed c o n d i t i o n ,  a s s u r e s  ease 
of f o r m a b i l i t y  and maximum mechanical  p r o p e r t i e s ;  

3 )  Freedom from stress c o r r o s i o n  c rack ing  i n  t h e  as- 

4 )  

welded cond i t ion ;  

Compa t ib i l i t y  i n  several l i q u i d  p r o p e l l a n t s .  

From t h e  expe r i ence  of bo th  Lockheed and Mar t in  Marietta, i t  
appea r s  t h a t  a l l o y  2021 does n o t  p r e s e n t  any unusual  manufactur- 
i n g  problems. The p r e s e n t  h igh  l e v e l  of technology a v a i l a b l e  i n  
t h e  c o n s t r u c t i o n  of aluminum hardware f o r  aerospace  a p p l i c a t i o n s  
can b e  used f o r  2021 a l l o y  w i t h  l i t t l e  mod i f i ca t ion .  
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